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I 
Abstract  
Polydimethylsiloxane–polyester (PDMS-PES) copolymers produce materials which have 
enhanced properties and take advantage of the unique properties of the two very dissimilar 
components. The dissimilar nature of the components results in these types of materials 
typically having complex morphologies in the solid state as a result of phase segregation. 
When the polyester component is crystallisable, an even richer variation in morphology can 
be expected. The chain structure of the copolymer in terms of the distribution of the various 
segments along the chain and the variation in the composition also has a dramatic impact on 
the solid state morphology. In this study, two different types of polyesters were used to 
synthesise five series of PDMS-PES segmented copolymers and one series of PDMS-PES 
branched copolymer. The two polyester segments selected were polybutyleneadipate (PBA) 
and polybuthylenecyclohexancarboxylate (PBCH). The copolymers were synthesised via 
polycondensation in the melt state. Insights on many variations in the PDMS-PES copolymer 
synthesis are given. The copolymer series synthesized gave systematic series where the 
influence of the polyester type, chain architecture, bulk composition, block length, 
crystallinity and processing condition on the bulk and surface morphology could be studied. 
The remarkable variations in the properties of the copolymer were attributed to the 
differences in the copolymers morphology in terms of the microphase segregation, 
crystallization and the free volume properties. These variations were also found to alter the 
nature of the surface compositions and the related surface properties. Multiphase morphology 
exhibited in all the PDMS-PES copolymers and the type of morphology observed was 
dependent on PDMS contents, PDMS segment length and the degree of branching. Three 
types of morphology were observed: spherical micro-domains of PDMS in a matrix of PES, 
bicontinuous double diamond type morphology, and spherical micro-domains of PES in a 
matrix of PDMS. Spherical domains of the PDMS were also observed for low PDMS content 
copolymers between the crystalline polyester lamellae. The complexity of the PDMS-PBCH 
copolymer morphology was further investigated, using an extensive set of experimental data 
that has been drawn together with using positron annihilation lifetime spectroscopy (PALS) 
and developing and applying a new type of hyphenated technique between fractionation 
(chromatography) and microscopy (atomic force microscopy) techniques. The outcome has 
provided a unique perspective regarding the complexity of the PDMS-PBCH copolymer 
morphology, which is believed to provide basis for a theoretical structure-properties 
relationship in this fascinating class of thermoplastic material. 
  
 
 
II 
Opsomming  
Polidimetielsiloksaan–poliëster (PDMS–PES) kopolimere lewer verbindings met goeie 
eienskappe en trek voordeel uit die unieke eienskappe van die twee baie verskillende 
komponente. Aangesien die aard van hierdie twee verbindings baie verskil het hulle ‘n 
gekompliseerde morfologie in die vastetoestand as gevolg van faseskeiding. Wanneer die 
poliëster komponent kristalliseerbaar is kan ‘n nog ryker variasie in morfologie verwag word. 
Die kettingstruktuur van die kopolimere in terme van die verspreiding van die verskillende 
segmente al langs die ketting en die variasie in samestelling, het ook ‘n groot invloed op die 
vastetoestandmorfologie. In hierdie studie is twee verskillende tipes poliëster gebruik om vyf 
reekse PDMS–PES gesegmenteerde kopolimere en een reeks vertakte PDMS–PES 
kopolimere te berei. Die twee poliëstersegmente is polibutileenadipaat (PBA) en 
polibutileensikloheksaankarboksilaat (PBCH). Die kopolimere is berei deur middel van 
polikondensasie in die smeltfase. Inligting aangaande verskeie faktore in the bereiding van 
die PDMS–PES kopolimere is ingewin. Die reekse kopolimere wat berei is, het dit moontlik 
gemaak om die invloed van die tipe poliëster, kettingargitektuur, grootmaatsamestelling, 
bloklengte, kristalliniteit en reaksiekondisies op die oppervlakte en interne morfologie te 
bestudeer. Die opmerklike verskille in the eienskappe van die kopolimere word toegeskryf 
aan die verskille in die kopolimeermorfologie in terme van die mikrofaseskeiding, 
kristalliniteit en vryevolume eienskappe. Hierdie verskille het ook veranderings in die 
oppervlakte samestellings en verwante oppervlakte eienskappe teweeggebring. Multifase 
morfologie, in alle PDMS–PES kopolimere en die tipe morfologie wat waargeneem is, is 
afhanklik van die PDMS inhoud, die PDMS segmentlengte en die graad van vertakking. Drie 
tipes morfologie is waargeneem: sferiese mikro-gebiede van PDMS in ‘n PES matriks, ‘n bi-
kontinueerlike dubbele-diamant tipe en sferiese mikro-gebiede van PES in ‘n PDMS matriks. 
Sferiese gebiede van die PDMS is ook waargeneem in kopolimere met ‘n lae PDMS inhoud 
tussen die kristallyne poliëster lae. Die kompleksiteit van die PDMS–PBCH 
kopolimeermorfologie is verder ondersoek deur gebruik te maak van ‘n wye reeks 
eksperimentele data afkomstig van positronvernietigingsleeftydspektroskopie (PALS), gevolg 
deur die ontwikkeling en toepassing van ‘n nuwe soort gekoppelde tegniek – tussen 
fraksionering (chromatografie) en mikroskopie (atoomkragmikroskopie) tegnieke. Die 
resultate het ‘n unieke perspektief gegee wat betref die kompleksiteit van die PDMS–PBCH 
kopolimeermorfologie en dien as ‘n basis vir die teoretiese struktuur–eienskapverwantskap 
van hierdie interessante klas termoplastiese materiale. 
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1.1 Introduction  
Multiphase copolymers are of great importance and much has been written in the literature 
concerning these materials.1-6 This is because the covalent bonding of two different 
polymeric blocks displaying very different properties allows for specific tailoring of the 
ultimate performance of a two- or more-phase system. In spite of the large amount of 
reported information in this area of polymer science, there is still much to be learnt about 
these copolymers, properties, morphologies, and possible applications. The morphology of 
these multiphase copolymer systems has attracted particularly wide interest among many 
researchers, who have tried to elucidate the detailed micro- and superstructure using a variety 
of techniques.7-13 Over the past decade the number of investigations dealing with the 
synthesis and characterization of multiblock copolymers, such as polydimethylsiloxane-
organic copolymers with an organic crystallisable segment, has increased rapidly.9,14-22 The 
synthesis of these copolymers is made possible because of the many organic reactive end 
groups that can be placed onto the PDMS segment. These can include carboxyl, hydroxyl, 
amino, epoxy, as well as other types of end groups.  
As a result of PDMS’s unique combination of properties; such as a very low glass transition, 
high thermal and thermo-oxidative stability, good biocompatibility, low surface energy, 
ultraviolet resistance and high permeability to many gases,3 PDMS-organic block or 
segmented copolymers have received particular attention for many applications, such as 
biomaterials, photoresists, gas separation membranes, protective coatings, elastomers and 
emulsifiers.3 The copolymerizations of PDMS with organic polymers are also of particular 
interest since small bulk concentrations of PDMS oligomers can result in rather dramatic 
surface enrichment.4 The unique surface behaviour made by the addition of the low surface 
energy PDMS component is a direct result of the structural properties of the polymer. Such 
materials are promising for sophisticated applications in many nanotechnology industries, as 
nanofibers, nanowires, nanomembranes and optical materials, as well as in surface patterning, 
lithography, and templating applications for the fabrication of information storage devices.4   
PDMS-polyester (PES) multiblock copolymers are one of the limited studied copolymers that 
consist of both amorphous and crystalline components. These multiblock copolymers can be 
synthesized via a polycondensation reaction in the melt state under vacuum conditions.14,23-25 
However, due to the complexity of the structure of the PDMS-PES multiblock copolymers 
and the large difference in the solubility parameters of the PDMS and PES segments, and 
Chapter 1: Introduction and Objectives  
 
 
 
3 
other physical phenomena such as crystallization of the PES segment, there has not been 
much focus on studying the morphology of these copolymers.15 The morphology of PDMS-
PES copolymers is expected to display nanophase or microphase separation due to the 
presence of chemical incompatibility between the constituent blocks or segments of the 
siloxane and the ester. The understanding and controlling of such nanophase and microphase 
separation is an increasingly important requirement for obtaining specific desirable properties 
of the copolymers so that they can be used for particular applications. This fact has been the 
chief motivation for the present study. 
The extent to which microphase separation occurs to form supermolecular structures in 
multiblock copolymers such as PDMS copolymers depends on four features. First is the 
chemical composition dissimilarity, which leads to a difference in solubility parameters and 
chain interactions. Second is the segment molar mass of the copolymer components; third, 
the crystallinity of one or both segments, and fourth, the molecular architecture of the 
segment or the copolymer.26-32 Furthermore, the morphology of multiblock copolymers also 
depends on the way in which the materials are synthesized and the method of the film 
preparation. For example, different morphologies can result when copolymer are solution cast 
from different solvents.33,34 The periodicity of those morphological structures for block 
copolymers is determined by molar mass of the components and chemical composition of the 
copolymers.  
In multiblock PDMS-copolymers, the bulk compositions have a major influence on the 
surface composition and surface morphology. The effects of block length, architecture35 and 
crystallinity36,37 of block copolymers on the surface compositions are also very important. It 
has been proven for several PDMS-copolymers that PDMS segments tend to segregate on the 
copolymer surface.35,37 In the light of the above, special emphasis was placed on the surface 
segregation of the PDMS segments in the present study. 
Moreover PDMS-PES copolymers resulting from polycondensation are expected to have a 
very complex chemical microstructure, and thus morphology. This is because the 
incorporation of both PDMS oligomers and PES monomers into the copolymer backbone is 
completely random process. In the polycondensation reaction it is also possible that PES 
homopolymer will be formed.38  
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These products can be determined by gradient elution chromatography (GEC) techniques, 
which are based on the differences in the solubility of the polymers present in the 
copolymerization products. By combing chromatography and spectroscopy (Fourier-
transform infrared, FTIR), the chemical composition variation through the molar mass 
distribution of the copolymers can be quickly and easily determined. In this study the 
chromatography fractionation technique was taken a step further: it was used as a preparative 
fractionation tool, using LC-transform. For each copolymer sample, several fractions were 
collected and morphological investigation of each fraction carried out using atomic force 
microscopy (AFM) in order to better understand the complex morphology of these 
copolymers.  
1.2 Objectives 
The objectives of this study can be summarized as follows:  
1. Synthesize PDMS oligomers of five different molar masses using equilibrium ring-opening 
polymerizations.  
2. Synthesize various systematic series of polydimethylsiloxane-polyester segmented 
(PDMS-s-PES) copolymers via condensation polymerization under different experimental 
conditions, namely: 
• Polydimethylsiloxane-polybutyleneadipate segmented (PDMS-s-PBA) copolymers 
with different PDMS contents, either in bulk polymerization (series A) or in partial 
solution polymerization (series B), using a one-prepolymer method. 
• Polydimethylsiloxane-polybutylenecyclohexanedicarboxylate segmented (PDMS-s-
PBCH) copolymers with both different PDMS contents (series C), and with different 
PDMS segment lengths (series D), using a one-prepolymer method.  
• Polydimethylsiloxane-polybutylenecyclohexanedicarboxylate segmented (PDMS-s-
PBCH) copolymers with both different PDMS contents and with different PDMS 
segment lengths (series E), using a two-prepolymer method.  
3. Synthesize a systematic series of multiblock polydimethylsiloxane-
polybutylenecyclohexanedicarboxylate branched (PDMS-br-PBCH) copolymers (series F) 
via condensation polymerization, under vacuum and at high temperature, using a one-
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prepolymer method, in the presence of a small percentage of branching agent 
(multifunctional monomer).   
4. Conduct a study of two different synthesis methods of PDMS-s-PBCH copolymer by 
developing and optimizing the working conditions of the two chromatography technique; size 
exclusion chromatography (SEC) and GEC.  
5. Investigate the morphology of the PDMS-PES copolymers in terms of:   
• The effect of PES type, PDMS molar mass, chemical composition and chain 
branching degree, on the PDMS-PES copolymer morphology.  
• The effect of PDMS molar mass, chemical composition and chain branching degree 
on the copolymer properties, mainly copolymer crystallinity, adhesive force (surface 
energy) and free volume.  
6. Develop new hyphenated techniques with high performance liquid chromatography 
(HPLC) and AFM. Such a technique should provide more detailed analytical information 
about the morphology of the PDMS-s-PBCH copolymers.  
7. Explore a new type of two dimensional separation using the hyphenated technique of 
HPLC-digital pulsed force mode of AFM (HPLC-DPFM-AFM), in which the adhesive force 
distribution determined for each single copolymer fraction collected from the HPLC by the 
LC-transform.  
1.3 Layout of the thesis 
A general introduction to, and the objectives of the study are given in Chapter 1. In Chapter 2 
the theoretical background of several synthetic preparation methods of PDMS and PDMS 
copolymers is presented and discussed, with special focus on methods used in this work. A 
discussion of the PDMS copolymer morphology and chromatography fractionation 
techniques is included. The experimental work is divided into five chapters as follows; 
Chapter 3 describes the syntheses of the PDMS oligomer and six series of PDMS-PES 
copolymers. Chapter 4 and 5 describe the investigations of the morphology of four of the six 
copolymer series that were synthesized (in Chapter 3). The free volumes of three of 
copolymers series were investigated by positron annihilation lifetime spectroscopy and are 
explained in Chapter 6. Chapter 7 describes the investigation of copolymer fractionation and 
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morphology investigation (of the copolymers fractions). This chapter also includes discussion 
of the new proposed hyphenated techniques of HPLC-AFM and HPLC-DPFM-AFM. Finally, 
in Chapter 8, conclusions are drawn from the results that are described in the previous 
chapters, and recommendations for future research are given. Several calculations and pilot 
studies that are related to the five experimental chapters are included in the Appendixes. 
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Abstract  
Over the years, there have been many studies on the theoretical and phenomenological 
aspects of block (diblock, triblock and multiblock) and branched copolymer systems. 
However, in many real multiblock systems, the effect of such variables as chemical 
composition distribution, molar mass distribution and block architecture, among others, are 
not very well understood. This chapter is mainly devoted to review the literature that is 
relevant to this study. It includes the PDMS properties and the PDMS synthesis. It also 
includes a discussion of multiblock PDMS copolymers synthesis with an emphasis on PDMS-
polyester multiblock copolymers. This is followed by reviewing PDMS copolymer 
morphology, focusing on several aspects of semicrystalline PDMS copolymer morphology 
namely microphase separation, crystallization, free volume and PDMS surface segregation. 
Furthermore a brief discussion on chromatography fractionation techniques used in this study 
are included at the end of the review. 
Keywords: Polydimethylsiloxane, PDMS multiblock copolymers, PDMS copolymers 
morphology, chromatography fractionation systems.  
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2.1 Introduction 
Polymeric hybrid materials continue to be the object of intensive research in the field of 
polymer science. PDMS copolymers have become one of the most important and versatile 
classes of such hybrid polymeric material. The increasing interest in multiphase copolymers 
of PDMS is mainly due to the unique combination of properties that are obtained from the 
PDMS segment (inorganic segment) and from the organic segment of the copolymer. These 
types of copolymers are attractive candidates for microelectronic, coating, membrane, 
biological and medical applications.1-9    
Incorporation of the flexible PDMS segment into a hard organic segment such as polyester 
has been shown to yield several attractive properties while many of the excellent properties of 
the corresponding polyester homopolymer are retained.10-12 PDMS-polyester multiblock 
copolymers possess good processability, low surface energy and excellent mechanical and 
adhesion properties. These properties are directly related to their chemical structure, 
macromolecular architecture and copolymer morphology.13,14 Reports of investigations of the 
morphology of the multiblock PDMS-polyester copolymers in the open literature are 
extremely limited. This is quite the opposite to the extensive studies reports about PDMS-
polyester copolymer synthesis.11,15-19  
2.2 Polydimethylsiloxane properties and synthesis   
Polysiloxanes can be regarded as derivative of inorganic silicates by partial substitution with 
organic groups. These materials are considered to be the most widely studied polymers with 
an inorganic backbone.20,21 Historically, polysiloxanes were first synthesized in 1872, 
however, they did not gain commercial importance until decades later. They were introduced 
to the market in 1940s.20,21 One of these polysiloxanes that is found in a wide range of 
commercial applications nowadays due to its excellent properties, is a linear 
polydimethylsiloxane (PDMS) Scheme 2.1.22  
O
Si n
CH3
CH3
 
Scheme 2.1: Chemical structure of polydimethylsiloxane.  
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Its properties include an extremely low glass transition temperature (–123 °C), high thermal 
and oxidative stability, high UV resistance, low surface energy and hydrophobicity, low 
toxicity, good electrical properties, high permeability to many gases, and relatively low 
flammability.22 In order to take advantage of the unique properties of the PDMS, a very high 
molar mass is required to achieve good mechanical properties, due to the low glass transition 
temperature. In addition, high levels of fillers are typically used to enhance the desirable 
physical properties.23 Other means used to enhance the described properties include chemical 
modifications using crosslinking,24 or copolymerization of the PDMS with other polymers 
such as polystyrene,25,26 polycarbonate27 and polyester.10-12  
PDMS homopolymer is synthesized commercially by the hydrolysis and subsequent 
condensation of organohalosilanes, or by the acid- or base-catalyzed ring opening 
polymerization of cyclic siloxane monomers, particularly octamethylcyclotrisiloxane (D4). 
The polymer molar mass is controlled by introducing a chain transfer agent.21,28 The 
polycondensation process is often applied to the synthesis of both linear siloxane polymers 
and cyclic siloxane oligomers. The cyclic siloxane oligomers are further used as substrates in 
ring opening polymerizations. Another method of PDMS synthesis with controlled molar 
mass is the living anionic polymerization of hexamethylcyclotrisiloxane (D3) using an alkyl 
lithium initiator.29  
Ring opening polymerization allows control over molar mass by adjusting the stoichiometry 
of cyclics to the end group reactants (the monofunctional initiators agent). An example of 
these end group agents is bis(3-aminopropyl)tetramethyldisiloxane, which will be used in this 
work, under anionic conditions.  
The ring opening polymerization reactions can be carried out under anionic or cationic 
conditions and they are usually classified as either kinetically or thermodynamically 
controlled processes. Protic acids are, the most common initiating species used in cationic 
ring opening polymerizations. In the thermodynamically controlled route, D4 is the 
appropriate monomer used, whereas in the kinetically controlled route, D3 is commonly used 
(see Scheme 2.2).22  
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Scheme 2.2: Chemical structures of hexamethylcyclotrisiloxane (D3) and octamethylcyclotrisiloxane (D4). 
Thermodynamically controlled reactions occur when the system is allowed to reach 
equilibrium conditions. This result in a redistribution of both linear and cyclic chains of 
polysiloxanes (see Scheme 2.3). 
[ R2SiO ]x [ R2SiO ]n[ R2SiO ]m +
 
Scheme 2.3: Redistribution reaction of linear and cyclic chains of polysiloxanes. 
The most popular synthetic method used in industry for polysiloxanes preparation is the ring 
opening equilibration polymerization of D4 under anionic conditions.14 This method 
comprises three general steps:  
(1) Initiation step, during which the base catalyst attacks the silicon to afford the silanolate 
end-group, 
(2) Propagation-depropagation steps, during which the molar mass of linear and cyclic 
oligomers increases, and  
(3) Chain equilibration step, during which the oligomers molar mass becomes constant and 
the cyclic chains represent 10–15 wt % of the produced oligomers.30 
Equilibration of the base catalyzed initiator species with D4 results in the formation of linear 
chains and various cyclic species. Upon heating the reaction to 145 °C, the anions couple and 
by-products of trimethylamine and dimethylether are evolved, to produce a neutralized, stable 
material.31 The remaining cyclic components can be easily distilled away under vacuum.  
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During ring opening polymerization, the growing polymer chain can perform a so-called 
backbiting reaction, during which it can break the Si-O bond present along the linear 
backbone, resulting in the production of cyclic components. Studies on this phenomenon have 
revealed that the equilibrium between the linear chains and cyclic components determines the 
polymer yield, molar mass and molar mass distribution.32 The concentration of the 
equilibrium cyclic components and the linear polymer is independent of the initial monomer 
concentration. As a consequence, dilution of the system with a solvent results in a decrease in 
the linear chain yield.30 Therefore, the equilibration reaction in this work was carried out 
effectively in bulk to ensure that PDMS of specific molar mass and in the best yield is 
achieved.  
2.3 PDMS multiblock copolymers synthesis  
PDMS multiblock copolymers can be classified in two ways: the first is according to the 
nature of the chemical link between the PDMS segment and the organic polymer segment, 
and the second is according to the synthetic procedure used to prepare them.  
Using the first classification method, multiblock PDMS copolymers can be divided into two 
groups, multiblock copolymers with Si-O-C linkages and multiblock copolymers with Si-C 
linkages.14 Multiblock copolymers with Si-O-C were synthesized earlier than multiblock 
copolymers with Si-C because copolymers containing Si-O-C are obtained from very reactive 
functional groups attached to the terminal silicon atom, such as chlorosilane or silylamine. On 
the other hand, copolymers containing Si-C links depend on the synthesis of organofunctional 
polysiloxanes of controlled functionality. This organofunctionality is generally much less 
reactive.20  
The second classification method, which is based on the experimental procedure, divides the 
PDMS copolymers into random multiblock copolymer and perfectly alternating multiblock 
copolymers. The random multiblock copolymers are synthesized by polymer–monomer 
condensation or the one-prepolymer method,10 and the alternating multiblock copolymers are 
synthesized by polymer–polymer condensation or two-prepolymers method.28,33 In the 
following sections (2.3.1 and 2.3.2), the second method of classification is used when 
reviewing multiblock (segmented) PDMS copolymer synthesis.  
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2.3.1 Polymer–monomer condensation  
Polymer–monomer condensation, or the one-prepolymer method, yields randomly segmented 
block copolymers. In general, the polymerization reaction comprises of a difunctional 
oligomer of known size and two difunctional monomers, where the oligomer usually 
possesses the same end groups as one of the monomers. Scheme 2.4 illustrates the general 
steps in the polymer–monomer condensation reaction. A two-step procedure is often 
preferred in this method. In the first step the PDMS end groups are reacted with an excess of 
one reactant and in the second step the second reactant is added to adjust the stoichiometric 
balance. The reactivity of the difunctional PDMS oligomers is assumed to be the same as that 
of organic polymer molecules (in this study the organic polymer is polyester) as they have 
similar functionality. The PDMS segments are, therefore, inserted randomly in the 
copolymer. In this method, the PDMS oligomer size and composition control the average 
block length of the second block. This method is commonly used in the synthesis of 
commercially important PDMS copolymers. By using various difunctional PDMS oligomers, 
a large variety of random block copolymers can be formed, including PDMS-polyester,10,11,16-
19
 PDMS-polycarbonate,27,34,35 PDMS-polyamide,36 PDMS-polyurethane,37,38 PDMS-
polyurea,39,40 PDMS-polysulfone41 and PDMS-polyimide.42 
X PDMS X Y YR1+
PDMS Z YR1
Step 1
Step 2
Y Z
X XR2+
R1
PDMS Z R1Z ZR2 R1ZR1
n
m1, m2, ...
 
Scheme 2.4: Synthesis of randomly alternating segmented copolymers of PDMS in the polymer-monomer 
condensation.   
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The earliest PDMS copolymer that was synthesized using this method is the PDMS-
polycarbonate multiblock copolymer, which was synthesized by Vaughn in 1969.43 Synthesis 
involved phosgenation of a mixture of bisphenol-A and dichloro-PDMS oligomer in the 
presence of pyridine. The obtained multiblock copolymer contains the Si-O-C linkage. 
Multiblock PDMS-polyesters copolymers, in this work and as described elsewhere,10 have 
been prepared using the one-prepolymer method, in a two-step reaction. In the first step 
PDMS with an amino alkyl end group was end-capped with ester groups by reaction with an 
excess of a cycloaliphatic diester. In the second step 1,4-butanediol was added, with titanium 
tetraisopropoxide as a catalyst. Recently, the synthesis of PDMS-aromatic polyester 
copolymers has also been reported.11,15-19 Other synthesis methods of PDMS-polyester 
copolymers are described in Section 2.3.3.  
Peebles developed a theoretical treatment to compare the effect of one-step polymerization 
with two-step polymerization on the hard segment length distribution in multi-block 
copolymers.44 He showed that a narrower distribution of the hard segment lengths resulted 
when a two-stage polymerization was utilized instead of the one-stage procedure. Later, 
Abouzahr and Wilkes45 compared the effect of one- and two-step polymerization on the 
properties of polyether or polyester (polytetramethyleneadipate) based segmented 
polyurethanes. They found that the polyester based polyurethanes polymerized in the one-
stage process exhibited slightly poorer physical properties than their two-stage process 
counterparts. A greater hard–soft segmental mixing in the former, owing to their greater hard 
segment length distribution, was proposed as the reason for such behaviour. 
2.3.2 Polymer–polymer condensation   
The polymer–polymer condensation method is also called the two-prepolymer method. It 
involves polymerization of two different oligomers via reaction of their end groups to 
produce true multiblock copolymers or perfectly alternating segmented copolymers (Scheme 
2.5). Polycondensation of difunctional PDMS with difunctional organic polymers constitutes 
a large class of reactions yielding multiblock copolymers. Synthesis of PDMS-polyester, in 
which chloro-terminated PDMS reacts with hydroxyl-terminated aliphatic polyester, is a 
typical example in this category. However, the degree of chain extension for these 
copolymers appears to be low.33 Other examples of polymer-polymer condensation methods 
include the reaction of dimethylamino-terminated PDMS with hydroxyl-terminated-
polysulfone,46 or with dihydroxypolycarbonate47 or with dihydroxypoly(α-methylstyrene).48 
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A low degree of polymerization was obtained for PDMS-polysulphone multiblock 
copolymers synthesized from diallyloligosulphones.49  
X PDMS X Y YR+
PDMS Z YRX
n
m
m
 
Scheme 2.5: Synthesis of perfectly alternating segmented copolymers of PDMS in the polymer-polymer 
condensation.   
The difficulty in finding a common solvent for hydrosilylation is the main obstacle in the use 
of this technique. It has been shown for PDMS-polysulfone multiblock copolymers 
synthesized using this method that allowing the reaction to commence in a very dilute 
medium and then increasing the concentration progressively to maintain homogeneous 
conditions leads to products with higher molar masses.50 This method is called the dilution–
concentration method.  
Multiblock PDMS-polystyrene and PDMS-poly(α-methylstyrene) copolymers can also be 
obtained from polystyrene and poly(α-methylstyrene) end-capped with vinylsilane 
functionality.51 Other coupling reactions that afford many types of multiblock PDMS 
copolymers have been investigated.52-55 The final molar mass depends on the extent of 
reaction, on the molar ratio between both functional groups, and also on side-reactions.  
2.3.3 PDMS-polyester copolymer synthesis  
The history of PDMS-polyester copolymer synthesis goes back to the early 1970s, when the 
synthesis of aromatic polyester-polyorganosiloxane block copolymers was reported in 1973.47 
However, these copolymers have Si-O-C bonds between the aromatic polyester segment and 
the polyorganosiloxane segment. This bond is claimed to be readily hydrolysable,20 and hence 
these block copolymers are inferior in terms of hydrolysis resistance and weather resistance. 
The synthesis of the aromatic polyester-polyorganosiloxane block copolymers was reported a 
few years later.56,57 These copolymers have an amide bond between the aromatic polyester 
segment and polyorganosiloxane segment. These types of aromatic polyester-
polyorganosiloxane block copolymers have the disadvantage that they decompose (below 
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their melting points) at high temperatures without fusion and therefore they are un-mouldable. 
In 1990 Yamamoto et al.16 found that a copolymer prepared by copolymerizing an aromatic 
polyester and a terminal diol type polyorganosiloxane, so that the bond forms an ester 
linkage, had excellent hydrolysis resistance, weather resistance and mouldability in addition 
to its excellent heat resistance, cold resistance and impact resistance. Antic et al.17 replaced 
diol (silanol)-terminated-PDMS with methyl diesters of carboxypropyl-terminated PDMS to 
produce PDMS-polyester multiblock copolymer with polybutyleneterephthalate (PBT), as the 
hard segment. The same research group successfully performed the copolymerization reaction 
in the presence of the high-boiling solvent 1,2,4-trichlorobenzene. This was done in order to 
increase the mixing between the extremely non-polar siloxane prepolymer and the polar 
reactants of the PBT segment and, thereby, avoided phase separation during synthesis.18  
Although the above mentioned methods were successfully used to prepare PDMS-polyester 
copolymers, the lack of compatibility between the polar PBT monomers (diol and diacid) and 
the non-polar PDMS block resulted in a significant amount of the PDMS not being 
incorporated into the polyester backbone. In addition, a loss in the mechanical properties has 
been reported for PDMS-PBT segmented copolymer when the PDMS content increases to 15 
wt % and the polymer showed a lack of cohesiveness due to the incompatibility between the 
PBT and PDMS phases.58 In order to improve the compatibility between the PDMS segment 
and the polar polyester monomers, a large variety of ABA-triblock prepolymers of PDMS 
terminated with different polymer segments have been used. Several examples of these are 
polyether,15 polyethylene oxide PEO–PDMS–PEO,12,58 polypropylene oxide (PPO–PDMS–
PPO)19 and polycaprolactone (PCL–PDMS–PCL).12 The reactive functionality that was used 
in all the above mentioned ABA-triblock prepolymers is the hydroxyl group. A very good 
feature article discussing the polymers with alternating organo-silicon and pi-conjugated units 
was published in 1998 by Ohshita and Kunai.59  
In 1997 Kiefer et al.10 revisited the use of PDMS terminated with amino difunctionality to 
produce relatively high molar mass PDMS-semicrystalline cycloaliphatic polyester 
segmented block copolymers based on dimethyl-1,4-cyclohexane dicarboxylate. The PDMS 
segment was efficiently incorporated into the copolymers via an amide link. Taking 
advantage of the low Tg of the PDMS segment, the copolymers demonstrated good 
mechanical properties and, as a result of the relatively low Tm of the polyester segment of the 
copolymers, they were easily compression moulded into films. These materials are expected 
to be potentially useful in outdoor applications due to the UV stability of both segments and 
Chapter 2: Literature Review and Background 
 
 
 
18 
the hydrophobicity of the PDMS segment (they have, however, not been test yet toward aging 
and weather effects). Moreover, Miroslawa11 used α,ω-diamino-terminated PDMS to 
synthesize PDMS-polyester multiblock copolymers based on PBT as a hard polyester block 
or segment. The soft PDMS segment was reacted with an excess of dimerized fatty acid to 
afford a dicarboxy-terminated oligomer containing stable amide links. Thus multiblock 
copolymers were obtained in a three-stage process: oligomer preparation, transesterification, 
and polycondensation from the melt. A magnesium-titanate catalyst was used for 
transesterification and polymer formation (polycondensation). The surface morphology of the 
obtained copolymers was studied using polarized optical microscopy (POM) and the results 
showed spherulitic ordering.11 The obtained PDMS-PBT multiblock copolymers were also 
proven to have highly hydrophobic properties.60 
Other polymerization methods can be used for the production of PDMS-polyester copolymers 
with predetermined degrees of polymerization and low polydispersities.61 An example of one 
of these methods is the use of living polymerization. Polycaprolactone-b-PDMS copolymers 
of the ABA type have been prepared via ring opening polymerization of caprolactone, using a 
hydroxyalkyl terminated siloxane oligomer as initiator and macromonomer in the presence of 
stannous octoate as catalyst. The reactions were conducted either in bulk or in butyrolactone 
solution, depending on the required molar mass of the final product. Another method for the 
synthesis of poly(caprolactone)-b-PDMS ABA block copolymers is reported by Ekin and 
Wesbster.62 
Figure 2.1 shows some examples of various copolymers architecture that can also be 
synthesized. In the case of the polycaprolactone-b-PDMS ABA block copolymers mentioned 
above, multifunctional initiators or multifunctional linking agents can be used in the living 
polymerization reactions to yield well-defined star-branched polymers. Alkyllithium initiators 
are particularly efficient types of multifunctional initiators, and polyfunctional silyl halides 
are highly efficient multifunctional linking agents.63 
Comb polymers, which contain extensive branching along the polymer backbone, are 
synthesized in the presence of a polyfunctional coupling agent.64 Polyfunctional or 
multifunctional monomers with a functionality greater than two result in randomly branched 
polymers. Randomly branched polymers are often prepared by step-growth or chain 
polymerization in the presence of a multifunctional comonomer. Low concentrations of 
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multifunctional comonomers are usually used at low conversions to obtain long chain 
branching, and this method has yielded low molar mass polymers.63 
 
           
      AB diblock                                     ABA diblock                                               (AB)n multiblock  
    
    AB star                                         AB grafted or comb                                      AB randomly branched  
Figure 2.1: Various diblock copolymer architectures. 
Branched polymers are characterized by the presence of branch points or the presence of 
more than two end groups, and they comprise a class of polymers between linear polymers 
and polymer networks.65 Part of the present study is devoted to investigating the ability to 
obtain statistically branched or randomly branched PDMS-polyester copolymers using low 
concentrations of a multifunctional branching agent and by using a commercial route used for 
polyester synthesis, namely melt transesterification.  
2.4 PDMS copolymer morphology  
Polymer morphology can be defined as the study of the arrangement of polymer molecules 
into crystalline and amorphous regions, the form and structure of these regions, and the 
manner in which they are organized, if at all, into larger and more complex structures.66 The 
morphology of multiphase copolymers plays an important role in determining the final 
properties of the polymers. By controlled variation of the polymer morphology the desired 
properties can be obtained for such polymers. The properties of copolymers that comprise 
hard and soft polymer segments are determined by their relative compositions. For example, 
copolymers with small domains of the soft segment embedded throughout the continuous 
hard phase behave as toughened glassy polymers. The inverted morphology behaves as a 
thermoplastic elastomer.67 
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The primary structure of a segmented PDMS-polyester copolymer includes its chemical 
composition, type of polyester, molar mass, distribution of the hard and soft segments, block 
length distribution (distribution of segment size), and degree of branching or crosslinking.68 
The primary structure determines the secondary structure, such as three- dimensional chain 
orientations, crystallinity and, consequently, the morphology of the PDMS copolymer. Both 
primary and secondary structures contribute to the final properties of the copolymers. The 
primary structure can be well controlled by synthetic conditions. For example, varying the 
ratio of the soft and hard segments can control the composition. The distribution of segment 
size is also closely related to the synthetic method. Moreover, the type of soft and hard 
segment can be chosen from an array of compounds and the molar masses can be varied.   
Investigations of the morphology of multiblock PDMS-polyester copolymers described in 
literature are extremely limited. In order to complete the picture on this copolymer 
morphology (which is the main scope of this dissertation) the morphology of a few other 
multiblock or segmented PDMS copolymeric systems are discussed here, with particular 
emphasis on the microphase separation, crystallization and surface morphology of the 
copolymers. Furthermore, the morphology of the diblock PDMS copolymers is briefly 
considered, with focus on the diblock PDMS copolymers with a crystalline segment. For 
more information about this topic the following references are recommended.14, 20, 69, 70 
2.4.1 Microphase separation in PDMS copolymers   
As noted in Section 2.3, the block copolymers are composed of two chemically dissimilar 
bonded polymer segments. The sequential arrangement of the blocks in the copolymer results 
in six basic architectures: A-B diblock copolymers, A-B-A triblock copolymers, (A-B)n 
multiblock copolymers, star block copolymers, graft or comb copolymers, and randomly 
branched copolymers (Figure 2.1). At a critical molar mass of each segment in the copolymer 
the incompatible copolymer segments phase separate, similar to the behaviour occurring in 
incompatible blends. The covalent bonds between the copolymer segments prevent them from 
macroscopically separating. This restricts the size of the phases to the microscopic scale.71-73 
Typically the pattern in the phase separation in multiblock PDMS copolymers is exhibited 
only in the short range of spatial extent due to the high polydispersity of the polymers74 and 
due to the variation in the segment lengths in random copolymers. In contrast to the 
multiblock PDMS copolymers, phase separation in the PDMS diblock copolymer systems 
creates well defined periodic structures on the sub-micrometer scale. When phase separation 
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occurs, microphases of well defined size and shape are typically formed. A variety of ordered 
morphologies can be achieved depending on many different variables, including copolymer 
composition, segment length, copolymer architecture and film preparation conditions, such as 
temperature, solvent, and so forth. Figure 2.2 illustrates these morphologies, which include 
spheres, rods, lamellae, bicontinuous, as well as inverted rods, and inverted spheres.73 
The effect of the copolymer composition on the polyimide-PDMS copolymers morphology 
was reported by Rogers et al..55 They found that block copolymers prepared with 20 wt % 
PDMS (Mn = 1000 g/mol) exhibit a very fine microphase separated structure. Increasing the 
PDMS concentration to 50 wt % and its Mn to 4500 g/mol afforded a co-continuous type of 
morphology.55 
  
Figure 2.2: Schematic illustration of the four different types of copolymer morphology: spheres, cylinder, 
lamellae and gyroid or bicontinuous. 
Furthermore Samseth and coworkers showed that solution cast polyimide-PDMS block 
copolymer films containing at least 40 wt % PDMS exhibited a siloxane continuous 
phase.75,76 Another investigation showed that increasing the PDMS oligomer molar mass in 
polyimide-PDMS block copolymer from 2000 to 10 000 g/mol yielded larger PDMS domains 
and the PDMS spherical domains became more defined, indicating a higher degree of phase 
separation with an increasing PDMS molar mass.77 The method of film preparation can also 
lead to different types of morphology. Morphological investigations carried out for 
compression moulded polyimide-PDMS copolymers revealed a semi-continuous or rod-like 
morphology for a 15 wt % siloxane sample. Solution cast films of the same copolymer 
showed spherical siloxane in a continuous polyimide matrix.78 The shift in type of 
morphology was attributed to the casting solvent acting as a preferential solvent. Spherical 
siloxane phases in a continuous polyimide matrix were also observed for compression 
moulded copolymers prepared with a less polar polyimide and analogous copolymer 
compositions. This suggested that decreasing the polarity of the polyimide phase favours the 
more discrete microdomain structure with a higher surface to volume ratio.  
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Many statistical thermodynamic theories have been proposed to predict the domain size (a 
domain is a discrete region of space occupied by one phase and surrounded by another phase) 
of the copolymer morphology.79 Theoretical consideration has been mostly restricted to 
amorphous monodisperse AB-block copolymers80 although limited development of the 
theoretical aspects of multi-block copolymers and also theories that take into account the 
polydispersity of the blocks can be found in the literature.81,82 Meier72 was the first to identify 
the important elements of a statistical thermodynamic theory of linear block copolymers. An 
illustration of the formation of a spherical domain is shown in Figure 2.3 
 
Figure 2.3: Spherical PDMS domain in multiblock copolymers based on Meier’s model of an AB-block 
copolymer domain and triblock copolymer.79 
The size of these microphase separated structures is in the order of magnitude of the radius of 
gyration of the macromolecules. The actual size of the spherical domains can be related to 
molar mass by the following equation: 
R = 1.33 α kMn1/2             [Eq 2.1] 
where R is the domain radius (in Angströms) for a spherical domain, α and k  are constants 
for each respective polymer (for PDMS α = 1.2 and k = 880x10-3), and Mn is the molar mass 
of the spherical domain forming segment.79 
More recently, a theory for the prediction of the phase diagrams of non-linear (star 
architecture) block copolymers has also been developed.83,84 For high molar mass segments in 
copolymers the entropy of mixing per unit volume is low. Thus, in the case of a symmetric 
diblock copolymer in the disordered state, when the overall degree of polymerization (N) is 
sufficiently large, a reduction in temperature gives rise to excess free energy, which is 
minimized by the local compositional ordering or segregation of the constituent blocks. 
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χ = A+ (B/T)            [Eq 2.2] 
where χ is interaction parameter, A and B are constant for each polymer and T is the 
temperature. 
In the case of diblock copolymers and from Eq 2.2, microphase separation in diblock 
copolymers can be achieved, either by decreasing the temperature at a constant degree of 
polymerization, and therefore increasing χ or by increasing the degree of polymerization with 
χ kept constant. It may be noted that χ is also dependent on thermodynamic changes, such as 
crystallization, in addition to the temperature.80 Competition between phase separation and 
crystallization has been reported for the PDMS-polyamide (PDMS-nylon 6) block copolymer. 
This competition can be controlled by using mixed solvents and, eventually, the surface 
composition of the solution-cast films can be adjusted.69  
In the case of a series of related block PDMS-polyurethane copolymers,85,86 a linear 
dependence has been found between the extent of microphase separation and the difference in 
the solubility parameter. This, however, seems difficult to extend to copolymers of different 
structures. For instance, when the organic blocks can easily crystallize, a large difference in 
the solubility parameter is not necessarily required in order to observe phase-separation. 
Moreover, if films are prepared by solvent casting, the effect of preferential solubilisation for 
one block may greatly influence the morphology and, consequently, the physical and 
mechanical properties of the materials.37   
While χN is also an important parameter governing the order–disorder transition in 
segmented copolymers, accurate application of the theories noted above is difficult in 
copolymers such PDMS-polyester copolymers that are found in this study. Furthermore, 
possible crystallizability of the hard segment also affects the extent of microphase separation, 
which prevents direct application of theories developed for amorphous A-B diblock 
copolymers. The large polydispersity of these segmented copolymers produced via step-
growth polymerization, the greatly increased number of junction points (or covalent links) 
between the soft and the hard segments in segmented copolymer (compared to those in block 
copolymers of comparable overall molecular mass), and the considerable variation of χ along 
the segmented copolymer chain are considered to be other factors that make the development 
of a exact theoretical treatment difficult in multiblock copolymers. The research described 
and presented in the subsequent chapters clearly demonstrates that microphase separation in 
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PDMS-polyester copolymers (segmented and branched) is not only effected by the PDMS 
content and molar mass, but is also influenced by the backbone symmetry and chain 
architecture. However, Meier’s equation [Eq 2.1] is used in some cases in this work only to 
demonstrate the variation in the domain size, and as an indication for the additional work that 
is required to be done in this area of polymer science, on both the experimental and the 
theoretical sides.  
2.4.2 Crystallization of PDMS copolymers   
In semicrystalline block copolymers the presence of a noncrystalline block enables 
modification of the mechanical and structural properties compared to the crystalline 
homopolymer. The introduction of a rubbery or glassy component usually leads to a change 
of the crystal type and crystallization arrangement mechanism. Crystallization in 
homopolymers leads to an extended conformation, or to kinetically controlled chain folding. 
In semicrystalline copolymers, on the other hand, equilibrium chain folding can also occur, 
but the equilibrium number of folds in this case is controlled by the size of the second, 
noncrystallisable block.87  
Structural changes in semicrystalline copolymers in the chain-folding result from 
crystallization competing with microphase separation. Thus, the morphology in solution-cast 
films of semicrystalline copolymers is determined by two processes, crystallization and 
microphase separation. The surface composition of these copolymers is also subject to the 
competition between crystallization and microphase separation. Experiments suggest that the 
final morphology after crystallization depends on whether the sample is cooled from a 
microphase-separated melt or crystallizes from a homogeneous melt or solution.88-90 This path 
dependence is a general feature of crystallization in block copolymers. Solvents that are 
selective for the amorphous block can lead to non-equilibrium morphologies because the 
crystallisable block can precipitate from solution and crystallize within microphase-separated 
domains of the crystallisable polymer whereas an irregular structure results when solvent is 
removed at temperature below Tm.89 
Several researchers have investigated the crystallization of block PDMS-polyester 
copolymers.11,19,91 In particular, Childs et al. have investigated the surface morphology of 
PCL-PDMS-PCL copolymer using AFM. The obtained AFM phase images showed that PCL-
PDMS-PCL copolymer form very clear semicrystalline spherulites structure, the authors also 
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attributed the dark regions in several AFM phase images to PDMS segments.91 The degree of 
crystallinity of PDMS-PBT multiblock copolymers was also measured using DSC19 by 
Vuckovic et al.. It was found that the degree of crystallinity decreases as the PDMS content 
increases92 and as the PDMS Mn increases.93 Furthermore spherulitic crystal structure was 
observed for this copolymer using POM by Miroslawa.11     
It has been firmly established that confinement of crystalline stems has a profound influence 
on crystallization in block copolymers.94-97 Confinement can result from the presence of 
glassy domains or simply strong segregation between domains. In contrast, crystallization can 
overwhelm microphase separation when a sample is cooled from a weakly segregated or 
homogeneous melt. The lamellar crystallites can then nucleate and grow heterogeneously to 
produce spherulites, whereas these are not observed when crystallization is confined to 
spheres or cylinders.94-97 Crystallization confined by glassy blocks leads to a drastic reduce in 
crystallization rate and a reduction in the corresponding Avrami exponent.98,99 Crystallization 
of the crystallisable polymer matrix, such as polyethylene, in a phase containing rubbery or 
glassy cylinders can occur without disrupting the spherulitic microstructure.74,100 On the other 
hand, crystallization of the polyferrocene block for PDMS-polyferrocene block copolymer 
was shown to be the driving force for the formation of rod-like structures in this copolymer.70  
Crystallization and melting of the PDMS phase is observed in some of PDMS copolymers, 
46,50,101-103
 which indicates the PDMS phase purity. Moreover, in PEO-PDMS-PEO triblock 
copolymers containing crystallisable PEO blocks, the crystallinity of PDMS was described to 
be much higher for the copolymers than for the PDMS precursors.104 This unusual behaviour 
was attributed to the extension of PDMS chains induced by phase separation and not to the 
crystallization of PEO on the basis of results obtained for blends of the copolymers with 
poly(acry1ic acid), which is miscible with PEO. In contrast to the behaviour of the central 
PDMS block, PEO blocks have significantly lower crystallinity than the corresponding 
homopolymers. The crystalline form of the hard segments in the copolymers depends on their 
structure, as well as on the crystallization conditions. For example, it is well known that 
aliphatic polyesters have greater ability to crystallize than cycloaliphatic polyesters and pure 
trans-isomers polyesters crystallize better than cis-isomers, in terms of both arrangements and 
crystallization degrees.105 In the present work two different types of polyesters are 
investigated. One consequence of chain folding is that the crystallized chains in the 
copolymer are often not sufficiently strong for certain applications. Therefore, rearrangement 
of the chain order to force the strong covalent bond is usually required.106,107 
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This can be achieved by stretching the chains or aligning them in one direction and then 
pulling in the directions of alignment: in other words unfolding the copolymer chain in the 
randomly oriented spherulites to make a material where the chains have a more elongated 
form (see Figure 2.4). This is exactly what is expected to happen during fibre formation.  
 
Figure 2.4: Schematic of the ideal chain unfolding and extension in a semi-crystalline polymer (from (a) 
and (b) to (c)), under tensile drawing (reproduced from Ref. 108108). 
In general, for many synthetic polymers, completely extended copolymers chains are not 
achieved using ordinary processing methods.  However, there are two routes that allow fibres 
to be formed with much more extended structures. The first route is by the synthesis of a 
polymer with a very stiff backbone. These types of polymers have liquid crystalline 
properties, where they become aligned in solution at a critical concentration.106 The second 
route is a new processing method, based on drawing polymers from a concentrated solution or 
a gel, which leads to minimization of the effect of chain entanglements during the orientation 
process. This route has resulted in extremely high strength and high modulus fibres for 
polyethylene.109 Attempts of electrospinning of PDMS-polyester copolymers from solution to 
achieve a similar effect are illustrated in Appendix D in this study. 
2.4.3 Free volume of PDMS copolymers  
Free volume is a very important characteristic of the PDMS copolymers that is directly 
related to the morphology, which is also affected by the chemistry of the molecules. The free 
volume also affects the molecular packing, thus a study of the free volume can indicate the 
mechanisms of aging, plasticization, gas diffusion, and other processes that are 
morphologically controlled in disordered materials.110 Furthermore the mechanical properties 
are directly related to the free volume and the Tg of the polymer.111 This morphological aspect 
has long been proposed to explain both the molecular motion and the physical behaviour of 
polymers.79 A key problem in this sense is the relationship between the macroscopic 
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properties of the polymers and the ‘holes’ of free volume present in these polymers at an 
atomic scale of just a few angstroms.112 Despite many efforts over the past decade to 
understand the physical and chemical properties of free volume, limited information of the 
hole sizes, concentration of the free volume and its form has emerged. 
 Among the techniques that have been used to investigate the free volume properties is 
Positronium Annihilation Lifetime Spectroscopy (PALS).113,114 The use of PALS in the free 
volume characterization is unique, since it is a non-destructive technique and is sensitive to 
free volume at a molecular level. However, PALS has been scarcely exploited as a powerful 
technique for characterizing complicated polymeric systems, such as copolymers and polymer 
blends that are of technological interest.115 
Although the positron was discovered in 1933,116 the principal experiment using PALS to 
examine the free volume hole size was developed by Kobayashi and co-workers after six 
decades, in early 1990’s.117 The positron is an anti-electron, which can be generated via 
nuclear reactions. The positron can either annihilate as a free positron with an electron or 
form a metastable state, called Positronium, together with an electron. There are two states of 
positronium atoms: para-positronium (p-Ps) and ortho-positronium (o-Ps), which form an 
anti-parallel spin and parallel spin combination, respectively. This leads to different lifetime 
and annihilation events between these atoms; p-Ps has a shorter lifetime than o-Ps.  
The Ps is only stable if thermalized within a void of molecular dimensions, where it can be 
localized in these holes, as is shown in Figure 2.5, e.g. the Ps is formed only in areas with low 
electron density.114 The p-Ps can undergo spin allowed annihilate with the generation of 
energy. The o-Ps does not have the correct spin and will usually annihilate through spin 
exchange with the electrons from the walls of the cavity in which it resides.110,118 The process 
allows determination of the size of the molecular cavity through the lifetime of the o-Ps 
annihilation and the o-Ps intensity is directly proportional to the number density of the events. 
 
Figure 2.5: Ps localization in the free volume holes of a polymer before its annihilation. 
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PALS analysis typically gives three lifetime components in amorphous polymers119 such as 
PDMS homopolymer: τ1 is attributed to p-Ps self-annihilation, τ2 is attributed to free positron 
and positron molecular species annihilation, and τ3 is attributed to o-Ps pick off annihilation 
that occurs when the positron is localized in free volume cavities and annihilates with an 
electron of opposite spin from the surrounding cavity wall.116 Thus the o-Ps pick off 
annihilation lifetime is sensitive to the free volume hole size in polymer materials and as the 
hole size increases so the lifetime of the o-Ps also increases. The following equation shows 
the relationship between o-Ps lifetime (τ3) and free volume radius. 
τ = (1/2){1–(R/Ro) + [sin(2piR/Ro)]/ 2pi}-1               [Eq 2.3] 
where R is the hole radius and Ro is the infinite spherical potential radius, and Ro= R + ∆R, 
where ∆R is an empirical parameter. The average free volume size (Vf) is calculated assuming 
spherical cavity shape using the following equation: 
Vf = 4piR3/3                                                        [Eq 2.4] 
The free volume fraction (fv), which is related to the polymer mechanical properties, is 
calculated as the average of the hole size and the hole concentration, as shown in the 
following equation.  
fv = CI3 [Vf (τ3)]                                                [Eq 2.5] 
where fv is the free volume fraction, C is an empirical scaling constant, I3 is the total fraction 
of o-Ps formed in the polymer,
  
Vf (τ3) is the mean hole volume in Å3. 
Similar lifetime events that are found in the amorphous polymers were reported for several 
semicrystalline polymers such as polyetheretherkethone, polyethyleneterephthalate and 
polypropylene.118,120 However for other semicrystalline polymers such as PDMS-
polypropylene oxide urethane/urea copolymer, polyethylene, polyamides, 
polytetrafluoroanethylene, four lifetime events were reported.118,121-123 In PDMS-
polypropylene oxide membranes the two long-lived components, τ3 and τ4, were attributed to 
two Ps states decaying in different regions in the membrane; polypropylene oxide region and 
PDMS region, respectively. However, for other semicrystalline polymers such as PE, the τ3 
was attributed to the free volume holes in the crystalline region and the τ4 to the free volume 
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holes in the amorphous region.123 This issue is elaborated on and investigated for the PDMS-
PBCH copolymer as described in Chapter 6. 
2.4.4 Surface morphology of PDMS copolymers   
In addition to the bulk morphology of the PDMS copolymers, the surface morphology and 
property are another important characteristic in these copolymers. As a consequence of the 
very low cohesive energy density (intermolecular interaction) between the methyl groups, and 
high flexibility (low Tg) of the PDMS segment, the PDMS copolymers have extremely low 
surface energy.124,125 Thus, the surfaces of PDMS copolymers, as well as their polymer 
blends, are significantly enriched with PDMS segments. The combined effect of the low 
intermolecular forces and the flexibility of the PDMS backbone have been used as the basis 
for understanding the surface properties. The flexibility of the backbone allows the chain to 
adopt various polymer configurations and therefore allows the methyl groups to be positioned 
on the surface. Since the surface tension of PDMS is very low, compared to most organic 
polymers, the PDMS segments in the PDMS-polyester copolymers are expected to flip or 
migrate to the more hydrophobic top (air) surface to form a silicon enriched layer.126 This 
layer yields such properties as reduced friction, improved gloss and feel, and provide easier 
release from moulds. 
It has been reported that the bulk composition has a very important effect on the surface 
composition of PDMS copolymers. For PDMS-bisphenol, a polycarbonate (PDMS-BPAC) 
random multiblock copolymers,127 the bulk composition can determine the domain structures 
(mainly domain shape) in the bulk of the block copolymers and it also affects the surface 
morphology and the composition. Block length is the major factor determining the domain 
size of the block. It is also reported that the PDMS-BPAC multiblock copolymers with longer 
PDMS blocks or with higher PDMS bulk concentrations have higher PDMS surface 
concentration than the shorter or the less PDMS bulk concentrations.127 
A study involving the surface segregation of PDMS segments in cast films of PDMS-
polymethylstyrene multiblock copolymers revealed that the PDMS surface segregation 
extended to a depth of 210 Å. PDMS-polymethylstyrene copolymers with high PDMS bulk 
concentrations (60 wt %) were found to have a highly oriented lamellar morphology in the 
near air surface region, and the top-most air surface region (27 Å) was exclusively composed 
of PDMS.69 Furukawa and coworkers128 investigated the surface topography of PDMS-
polyimide copolymers and found that the surface topography was clearly influenced by the 
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copolymer composition and molar mass of the PDMS segments. It was also noted that the 
surface of the polyimide homopolymer film was flat and smooth, while the surfaces of the 
copolymers differed from each other in terms of roughness. The PDMS segments segregated 
from the polyimide phase to form larger domains, called islands, in a sea-island structure. The 
study also revealed that upon the addition of 10 wt % of PDMS the contact angle increased by 
25° over the homopolymer.  
A quantitative surface study of PDMS-polyamide copolymer by angle-dependent X-ray 
photoelectron spectroscopy (XPS) revealed PDMS segregation in the free surface region. The 
surface composition of these amorphous–semicrystalline block copolymers depends on both 
their polymer structure and the way in which the films are prepared.69 The surface region of 
the cast PDMS-polyamide copolymer films consists of PDMS at substantially higher 
concentrations than the overall bulk concentration, due to the predominant existence of the 
PDMS-rich microdomains separated before crystallization. It was also observed that 
annealing treatments could further enhance the PDMS surface segregation, yet without 
disturbing the large scale morphology. Furthermore in general, use of any good solvent for 
PDMS segments yields higher PDMS surface concentrations compared to the use of poor 
solvents.69  
2.4.5 Morphology characterizations of PDMS copolymers 
The morphology of PDMS copolymers can be studied at three different structural levels, 
according to the morphology size. The smallest structural level is the molecular structure, 
such as the block sequence, sequence distribution and crystal structure, which can be 
investigated by NMR and IR spectroscopy. The second level of structure is the nanodomain 
structure. A complete description of sample morphology at this level consists of the 
determination of the volume fraction, size, shape, orientation, and interfacial thickness of the 
separated phase as a function of segment content or concentration, and sample history.129 This 
structural level can be directly observed by TEM, which has proven to be an efficient method 
for bulk morphology analysis of phase separated block copolymers.77,130 This structural level 
also can be observed mainly on the copolymer surface by atomic force microscopy or more 
quantitatively investigated by small angle X-ray scattering. This level also includes 
investigation of the interdomain spacing and the morphological structure of microphase 
separated block copolymers. The third level of morphology includes spherulitic texture, and 
when size considerations are in the micron range. This type of morphology can be 
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investigated using small angle light scattering, electron microscopy, atomic force microscopy 
as well as polarized light microscopy. These methods of copolymer morphology investigation 
can be complemented by the use of thermal analysis methods such as differential scanning 
calorimetry (DSC), and dynamic mechanical analysis (DMA) to investigate the crystallinity, 
and phase separation, and by PALS to provide additional information about the changes in the 
free volume, mainly in the amorphous region.  
DSC is analytical technique mainly used for the analysis of phase separation in PDMS 
copolymers, but DMA can also be used to some extent in phase separation investigations. In 
principle, in phase separated block copolymers the thermal properties are similar to properties 
of physical blends of the same polymer segments. Phase separation is shown by the 
observation of two separate glass transitions, characterized by their temperatures (Tgs). For 
the phase separated materials, the copolymer composition and degree of phase separation 
govern the shape of the modulus curve. If phase mixing of one segment occurs there will be 
an observable shift in the Tg of that phase toward the Tg of the other phase. The magnitude of 
the shift correlates with the level of phase mixing. Unfortunately, in most cases this 
information is lacking, particularly for the hard phase, and the domain size may affect the Tg 
values.131,132  
DMA of PDMS-s-PBCH, (AB)n type copolymers, showed the glass transition of the PDMS 
segments as well defined, sharp tan δ loss peak around –125 to –115 oC, depending on the 
copolymer chemical composition.10 DMA results also showed a smaller, broader peak around  
–50 oC, which is attributed to the secondary transition of polyester segments, or to the 
crystalline melting point of the PDMS segments.133,134 Another strong tan δ loss peak was 
detected at around –2 to 15 oC, due to the glass transition of the amorphous region of the 
polyester segments. Spherulitic crystal order was also reported by Miroslawa for PDMS-
polybutyleneterephthalate segmented copolymers using thin quenched cold films from the 
melt. The morphology investigation was done using POM.11 The surface morphology of 
polycaprolactone-b-polydimethylsiloxane-b-polycaprolactone block copolymer was 
investigated by Childs et al., using AFM. They also reported that crystal spherulites structure 
could clearly observed using the phase images of the AFM.91  
2.5 Fractionation process using chromatographic systems  
Polymers normally do not consist of a particular molecule with unique chemical composition 
and molar mass, but rather are a mixture of molecules with a range of distributed molar 
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masses, the molar mass of the polymer is distributive in nature.106 When it comes to 
copolymers, this complexity growths further because now there will be other distributive 
properties such as, chemical composition, sequence length and functionality. Thus in order to 
better characterize polymeric materials, a fractionation process based on one or two 
distributive properties is needed.135 Without doubt, fractionation by chromatography systems 
is the most important fractionation technique in the field of polymer science.136 
The chromatography process may be defined as a process by which the solute is transferred 
between two phases, one of which is stationary and the other moving, often traversing a long 
tube called a column.66 Three main forms of liquid chromatography (LC) have been used to 
fractionate polymers and, in some cases, to determine average molar masses.  These are size 
exclusion chromatography (SEC), liquid chromatography at critical conditions (LC-CC) and 
gradient elution chromatography (GEC).137-139 Two of these techniques will be used in this 
study and are therefore now discussed in Sections 2.5.1 and 2.5.2, respectively.  
2.5.1 Size exclusion chromatography  
In SEC both phases are the same liquid (solvent), they differ only in that the stationary phase 
is part of the solvent, which is inside the porous gel particle, while the mobile phase is 
outside.66 Polymer molecules are separated by size in the SEC column because of their ability 
to penetrate part of the internal volume of the gel particles, that is, the stationary phase. As 
the sample moves along the column with the mobile phase, the largest molecules are almost 
entirely excluded from the stationary phase, while the smallest ones find almost all the 
stationary phase accessible. The smaller the molecule, the more of the stationary phase 
volume is accessible to it and the longer the molecule stays in that phase. Small molecules 
thus fall behind larger ones, and are eluted from the column later.138,139   
At this point account must be taken of the true nature of the separation, which is based on 
hydrodynamic volume (the volume of a polymer coil that the chain appears to occupy when it 
is in solution)111 and not molar mass. The hydrodynamic volume can vary for a polymer 
depending on how well it interacts with the solvent, and the polymer's molar mass. Note that 
to obtain an absolute molar mass value of a sample, standards with known molar masses must 
be used to obtain a suitable calibration curve. SEC analysis provides the number average of 
molar mass of the polymer (Mn), the weight average of molar mass of the polymer (Mw), as 
well as the polydispersity index (PDI) (the molar mass distribution).137,138 
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It is, however, also necessary to separate copolymers, not into unique molecules each with a 
particular molar mass, but into a series of narrower molar mass distribution fractions. The 
separated fractions are usually required for further analysis by a wide range of analytical  
techniques, such as FTIR,140,141 NMR142 (to investigate the chemical composition or the 
microstructure for each fraction), TEM and AFM (to investigate the copolymer morphology 
for each fraction) (see Chapter 7). Subjection of the fractions obtained from SEC to analysis 
via FTIR yields not only molar mass distribution data, but also provides the relationship 
between the molar mass distribution and the type of functionality and the chemical 
composition in the copolymers.140,141 Furthermore, useful information about the chemical 
composition of the eluate can be obtained by combining results obtained from two different 
detectors, especially if one detector is sensitive to an absorption band specific to one of the 
species in a copolymer.143     
2.5.2 Gradient elution chromatography  
The accurate determination of the chemical composition distribution of copolymers is very 
important for the characterization of copolymers. Among the several techniques available to 
measure chemical composition distribution, GEC is considered to be the most important and 
prominent technique.137,143,144 When polymer mixtures of homopolymers and their 
copolymers are analyzed by SEC, the similarity in the hydrodynamic volume of different 
polymers leads to overlapping in the molar mass distributions. This usually leads to the 
elution of the homopolymers and their copolymers from the SEC column at the same 
retention times. Therefore, in the analysis of heterogeneous polymers, analysis by GEC can 
give much better interpretations of the chemical composition distribution (CCD) of the 
polymer mixtures than analysis by a normal SEC column.145  
The GEC principal is based on precipitation and re-dissolution by changing the polymer 
solubility or polarity, using a gradient of solvents and concentrations. The difference in 
solubility or polarity between the building blocks of a copolymer and the copolymer itself 
creates the opportunity to analyze the chemical composition distribution of the polymers. 
First a dissolved polymer is injected into a column filled with a non-solvent or a weak 
solvent, and thus the polymer precipitates and adsorb to the stationary phase. By increasing 
the eluent and solvent strength the precipitated polymer gradually dissolves and desorbs, and 
thus starts eluting. Elution therefore depends on the chemical composition of the polymer 
backbone, functional groups, etc; thus each fraction will elute independent of molecular 
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mass.146  In GEC there are two modes of separation. The first mode is reversed-phase (RP) 
chromatography. In this mode of GEC the stationary phase is non-polar and the mobile phase 
is polar. The second mode of separation is normal phase (NP) chromatography. In this mode 
polar stationary phases and non-polar mobile phases are used. Here the solute is retained by 
the interaction of its polar functional groups with the polar groups on the surface of the 
stationary phase.146-149  
2.6 Conclusion 
The literature review presented in this chapter shows the great interest that has been placed on 
the PDMS copolymers, in terms of their synthesis and morphology characterizations. It is 
clear that much has been achieved particularly in the field of PDMS copolymers synthesis. 
Several copolymerization methods were used in the synthesis of various architectures of these 
copolymers. However, the traditional melt polycondensation under vacuum and at high 
temperature is the most applicable synthetic method. Therefore, in this study the syntheses of 
six series of PDMS-PES copolymers are carried out using this method (see Chapter 3).  
Although the syntheses of PDMS copolymers are investigated in numerous scientific studies, 
there is not much data in the open literature concerning the morphology of these copolymers, 
particular for PDMS-copolymers with organic crystallisable segment. It also follows from the 
literature review that certain aspects concerning the morphology of the multiblock 
copolymers remain unsolved. The various types of morphology that can be obtained from 
these copolymers and the effect of the competition between the crystallinity and the phase 
separations on these types of morphology are only examples of the unsolved aspects. Other 
examples are: the effects of the organic segments, PDMS molar masses, chemical 
composition and chain branching degree on the copolymers morphology as well as on the 
copolymer properties mainly copolymer crystallinity, surface energy and free volume. In the 
subsequent chapters most of these ambiguous morphological aspects for several types of 
PDMS-PES copolymers will be studied, and a great clarity as to the role and effect of these 
aspects have will be unfold. 
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Abstract  
Polydimethylsiloxane (PDMS) oligomers with five different molar masses were synthesized 
via equilibrium ring-opening polymerization of octamethylcyclotetrasiloxane (D4). The 
obtained PDMS oligomers were used to synthesize six series of semicrystalline multiblock 
polydimethylsiloxane-polyester (PDMS-PES) copolymers via a melt transesterification 
process under vacuum conditions. Two of these series were synthesized using a one-
prepolymer reaction method, in which difunctional PDMS oligomer (prepolymer) was 
reacted with 1,4-butanediol (BD) and adipic acid (AA) under different reaction conditions. In 
the first series (series A) the PDMS oligomer was reacted, in bulk polymerization, with BD 
and AA to obtain polydimethylsiloxane-butyleneadipate segmented (PDMS-s-PBA) 
copolymers with various PDMS contents. In the second series (series B) the first stage of the 
previous reaction was carried out in toluene. Furthermore, two series of  
polydimethylsiloxane-polybutylenecyclohexanedicarboxylate segmented (PDMS-s-PBCH) 
copolymers were synthesized  via a one-prepolymer reaction method by reacting BD and 1,4-
dimethylcyclohexanedicarboxylate (DMCH) in bulk with either PDMS of varying content 
(PDMS Mn 2000 g/mol) (series C) or with PDMS of different segment length (PDMS content 
10 wt %) (series D). The fifth series (series E) was synthesized using the two-prepolymer 
method for PDMS with a constant segment length (Mn 1000 g/mol) and PBCH with a 
hydroxyl end group (Mn 940 g/mol). In addition, various quantities of branching agent were 
added to the reaction vessel containing the 10 wt % PDMS content copolymers with PDMS 
of molar mass 1000 g/mol in series D, to prepare multiblock randomly branched 
polydimethylsiloxane-polybutylencyclohexanedicarboxylate (PDMS-br-PBCH) copolymers 
(series F). The obtained polymers were characterized using FTIR, NMR, viscometery and 
SEC to determine the chemical composition, molar mass and polydispersity index. Size 
exclusion chromatography-multi angle laser light scattering was used to determine the degree 
of branching in series F. The formation of the copolymers was also verified using gradient 
elution chromatography (GEC). These synthesized copolymers series, were further 
investigated as described in the subsequent chapters.  
Keywords: polydimethylsiloxane synthesis, polydimethylsiloxane–polyester segmented 
copolymer, polydimethylsiloxane–polyester randomly branched copolymer. 
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3.1 Introduction 
Thermoplastic polyesters are widely used because of their excellent heat resistance and high 
mechanical strength.1 However, the crystalline polyesters that are largely used today are 
inferior in terms of weather resistance and impact resistance, though they have high 
mechanical strengths. Thus, in efforts to overcome these disadvantages, a copolymer 
containing PDMS as a soft segment is used to improve polyester properties. PDMS is one of 
the most important and versatile classes of high performance polymers due to its excellent 
flexibility weather resistance, hydrophobicity recovery and thermal properties.2-5 
Melt transesterification is a major commercial route for the synthesis of polyesters. This route 
involves high temperatures and relatively long reaction times, and reduced pressures in the 
final step.6-8 Catalysts (e.g. titanium alkoxide) are required to reduce the reaction times. In the 
polyesterification, not only do monomeric units add to the growing chains, but individual 
chains also react with one other. The esterification conditions also permit constant 
transesterification within the chain itself. Consequently, the copolymer obtained is expected 
to exhibit relatively broad molar mass distributions. Transesterification also accounts for the 
fact that if more than two starting materials are used they become incorporated into the 
polyesters in a statistical way, regardless of their time of introduction.1  
A synthetic procedure for obtaining PDMS-semicrystalline cycloaliphatic polyester 
segmented block copolymers based on DMCH was introduced by Kiefer and coworkers.9 
They used a one-prepolymer method in a two steps reaction. In the first step, PDMS with an 
amino alkyl end groups is end-capped with an ester group by reaction with an excess of a 
cycloaliphatic diester. In the second step, 1,4-butanediol is added, together with titanium 
tetraisopropoxide as a catalyst. Thus the PDMS segment was efficiently incorporated into the 
copolymer via an amide link. PDMS-s-PBCH copolymers of high molar mass were prepared 
and characterized. The major advantage of this method is that traditional melt polymerization 
techniques that are used for polyester synthesis were used to form segmented PDMS-PES 
copolymers.        
This chapter describes how the method mentioned above was extended and used to prepare 
polydimethylsiloxane-butyleneadipate segmented (PDMS-s-PBA) copolymers (aliphatic 
polyester segment) and randomly branched segmented polydimethylsiloxane–
polybutylenecyclohexanedicarboxylate (PDMS-br-PBCH) copolymers, in addition to the 
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random segmented polydimethylsiloxane–polybutylenecyclohexanedicarboxylate (PDMS-s-
PBCH) copolymers. Furthermore, the two-prepolymer method was used to prepare perfectly 
alternating PDMS-s-PBCH copolymers. The method used to prepare perfectly alternating 
PDMS-s-PBCH copolymers is based on the method developed by O'Malley et al. to 
synthesize an alternating block PDMS–polysulphone copolymer.10 The chemical structures of 
the copolymers synthesized in this study are illustrated in Figure 3.1.  
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Figure 3.1: Chemical structure of PDMS-PES copolymers: (a) aliphatic polyester segment (PDMS-s-
PBA), (b) cycloaliphatic polyester segment (PDMS-s-PBCH), (c) cycloaliphatic perfectly alternating 
polyester segment (PDMS-s-PBCH) and (d) randomly branched PDMS-cycloaliphatic copolymer (PDMS-
br-PBCH). 
In this study PBA and PBCH systems (aliphatic and cycloaliphatic polyesters) were selected 
because they afford well defined high molar mass segmented copolymers that are soluble in 
common solvents and hence  allow for molar mass and other solution characterization 
methodologies. Furthermore, the dimethylcylohexanedicarboxylate (DMCH) based 
monomers have the added advantage of having relatively low polarity (7.94 (cal/cm)1/2, 
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calculated using the group contributions method),11 compared to adipic acid (AA) for the 
aliphatic polyester (8.84 (cal/cm)1/2). PDMS is a very non-polar polymer (7.34 (cal/cm)1/2) 
and therefore it was hoped that by using a low polarity polyester monomer (cycloaliphatic), 
miscibility would be maintained throughout the melt reaction.  
Two series of aliphatic polyester copolymers were prepared with varying compositions under 
different experimental conditions. On the other hand, four series of cycloaliphatic polyester 
copolymers were prepared with varying PDMS segment lengths and architectures, in addition 
to varying the PDMS content. The weight percent of PDMS was varied with respect to the 
polyester segment. This affords a systematic copolymer series with differing compositions. A 
branching agent with four functional sites was also used to produce randomly branched 
copolymers. All the copolymerizations were carried out in bulk, except in the first stage of 
the copolymerization for the second series of PDMS-s-PBA copolymers synthesized (series 
B), in order to obtain high conversions. 
3.2 Experimental  
3.2.1 Materials  
Octamethylcyclotetrasiloxane (D4, +99% purity, Figure 3.2) was purchased from Fluka 
Company (Sigma-Aldrich). It was dried by stirring over calcium hydride over night under 
nitrogen. A vacuum distillation of the D4 was carried out at 60–70°C, using a short path 
distillation apparatus. The dried D4 was stored under a nitrogen atmosphere in a round bottom 
flask sealed with a rubber septum and adhesive tape. 
Bis(3-aminopropyl)tetramethyldisiloxane (+97% purity, Figure 3.2) was purchased from 
Industrial Analytical Company. It was used as received and stored in desiccators over 
calcium hydride.  
Tetramethylammonium hydroxide pentahydrate (+97% purity, Figure 3.2) was purchased 
from Sigma-Aldrich. It was used as a catalyst for equilibrium ring-opening polymerization.   
Benzophenone (99% purity, Figure 3.2) was purchased from Sigma-Aldrich; and used as 
received. It was used to deactivate the amine end group of the PDMS oligomers. 
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Figure 3.2: Chemical structures of the monomers and agent used in PDMS oligomers synthesis and 
characterization.    
1,4-dimethylcyclohexanedicarboxylate (DMCH, ≥99% purity, 90% cis isomer, Figure 3.3)  
was purchased from Sigma-Aldrich and used as received.  
Adipic acid (AA, ≥99% purity, HPLC, Figure 3.3) was purchased from Sigma-Aldrich and 
used without further purification.  
1,4-butanediol (BD, +99% purity, Figure 3.3) was purchased from Sigma-Aldrich, dried over 
molecular sieve overnight, and distilled under reduced pressure. It was used with AA or 
DMCH to synthesize polyester segment in the PDMS-PES copolymers.  
Pentaerythritol (98% purity, Figure 3.3) was purchased from Sigma-Aldrich and used as a 
branching agent to obtain randomly branched PDMS-PBCH copolymers.  
Titanium tetraisopropoxide (TIP, 99.99% purity) was purchased from Labchem and used as a 
polycondensation catalyst. It was diluted in freshly distilled toluene to approximately 0.005 
g/mL concentration. The solution was stored under a nitrogen atmosphere and molecular 
sieve until required for polymerization.   
Chloroform, methanol, isopropanol, tetrahydrofuran (THF), toluene, hexane, and d-
chloroform solvents were purchased from Sigma-Aldrich. These solvents were used as 
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received in the polymer synthesis or characterization, except the toluene, which was distilled 
over small pieces of sodium and benzophenone, under an argon atmosphere.12 The distilled 
solvent was storaged under an argon atmosphere. 
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Figure 3.3: Chemical structures of the monomers and branching agent used in polymers synthesis.   
3.2.2 Synthesis of PDMS oligomers 
Five PDMS oligomers with amino functional groups, and different molar masses of (1000, 
2000, 4000, 7000, 10000 g/mol), were synthesized, using equilibrium ring-opening 
polymerization based on the method reported in literature using D4.13 The first step in PDMS 
synthesis is preparing the siloxanolate catalyst, which is used in the second step to prepare the 
PDMS oligomers.     
3.2.2.1 Preparation of tetramethylammonium hydroxide siloxanolate catalyst 
The tetramethylammonium hydroxide siloxanolate catalyst synthesis was carried out by 
reacting tetramethylammonium hydroxide pentahydrate with D4, as is illustrated in Scheme 
3.1. Tetramethylammonium hydroxide pentahydrate (0.25 g) was added to the reaction 
vessel, followed by the addition of D4 (5 mL), via syringe. The reaction mixture was stirred 
with nitrogen bubbling through it for 40 h at 80 °C. The nitrogen flow was high enough to aid 
in the removal of water. Following the reaction, the mixture was cooled to room temperature 
and diluted with D4 (5 mL) to reduce the viscosity of the mixture. The catalyst was added 
almost immediately, to avoid moisture absorption of atmospheric water. 
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Scheme 3.1: Synthesis of the tetramethylammonium siloxanolate catalyst. 
3.2.2.2 Synthesis of PDMS oligomers terminated with an aminopropyl group 
The synthetic route that was used in the study for the synthesis of the PDMS oligomers is an 
equilibration of the cyclic tetramer D4 and a difunctional siloxane end-blocking reagent, i.e. 
bis(3-aminopropyl)tetramethyldisiloxane (Scheme 3.2).  
60 oC f or 24 h
140 oC f or 4 h
0.04 mol % catalyst
+ D3, D4, D5, ...
NH2
O
S iSi
O
Si
O
Si
O
Si
O
Si
+ H2N
NH2
O
S iSi nH2N
 
Scheme 3.2: Synthesis of PDMS oligomers via equilibrium ring-opening polymerization. 
The synthetic procedure used was as follows:  
1. Bis(3-aminopropyl)tetramethyldisiloxane was added to a flame dried 25 mL two-neck 
round bottomed flask equipped with a magnetic stir bar and rubber septum. The D4 was 
added to the flask. 
2. The reaction mixture was heated to 80 °C and 0.04 mole % (based on the number of 
moles of D4) of the siloxanolate catalyst solution was added. The reaction temperature was 
maintained for 24 h to allow the mixture to equilibrate.  
3. The reaction mixture was subsequently heated at 140 °C for 4 h while bubbling nitrogen 
through it to decompose the catalyst and remove the trimethylamine by-product. 
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4. The reaction mixture was heated at 125 °C under vacuum for 3–5 h to remove the cyclic 
compounds (D3, D4, D5 ...) from the equilibrium mixture. The polymer was stored under 
nitrogen in a dried round bottom flask sealed with a rubber septum and adhesive tape, until 
required for use. 
Table 3.1 shows the quantities of D4 and bis(3-aminopropyl) tetramethyldisiloxane that were 
used to synthesize the PDMS oligomers of desirable molar mass. An example of the 
calculation used to determine the quantity of D4 and bis(3-aminopropyl) 
tetramethyldisiloxane required to obtained PDMS oligomers with specific molar masses is 
summarized in Appendix A-1. 
Table 3.1: Quantities of D4 and bis(3-aminopropyl) tetramethyldisiloxane required to obtain PDMS (10 g) 
with various target molar masses 
Target Mm 
(g/mol) 
Bis(3-aminopropyl) 
tetramethyldisiloxane (g) 
D4 (g) 
1000  2.50 8.63 
2000 1.24 10.07 
4000 0.62 10.78 
7000 0.36 11.10 
10000 0.25 11.21 
5. Chromatography techniques were used to verify the removal of cyclic compounds 
resulting from equilibration, and to measure the molar mass of the PDMS oligomers. 1H-
NMR was used to verify the molar masses of the PDMS oligomers. An example of the 
calculation used to determine the molar mass of PDMS oligomers using 1H-NMR spectra is 
summarized in Appendix A-2  
3.2.2.3 PDMS amine end group deactivation reaction 
In order to measure the PDMS molar mass using SEC, the amine end groups were first 
deactivated by reacting the amine groups in the PDMS oligomers with benzophenone,14 as 
shown in Scheme 3.3. The amine groups were removed as a precaution, since it has been 
reported that it is possible that the silyl-amine linkage can undergo hydrolysis if any water is 
present leading to SEC column fouling. 14,15 The deactivation reaction was done based on the 
method reported by Bowens. The reaction was carried out at either 125 °C or at 140 °C, for 
12 to 15 h. Details of experimental conditions and the obtained results are discussed in 
Appendix A-3.  
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Scheme 3.3: Amino end group deactivation reaction (at either 125 °C or 140 °C, and for 12 to 15 h).     
3.2.2.4 End-capping of polydimethylsiloxane 
The aminopropyl terminated PDMS oligomer was reacted with a fourfold excess of DMCH 
to ensure that no coupling reaction could occur, and to yield an ester terminated PDMS 
oligomer, with an amide link at each end. This was used further in the PDMS-PBCH 
copolymer synthesis. The end-capping reaction was conducted in a one neck flask equipped 
with a condensing arm. The reactor temperature was set to 110 °C, as shown in Scheme 3.4.  
110 oC f or 12 h
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OH3C CH3
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O CH3
C C
O
O O
H3C
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Scheme 3.4: Conversion of the amino end groups in the PDMS prepolymer to ester end group. 
A magnetic stir bar was used and nitrogen was bubbled through the hot solution. As the 
reaction progressed, the methanol evolved and was removed from the reaction vessel. 
Depending on the volume charged to the flask, the actual amount of time required for the 
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reaction to run to completion was in the order of 6–10 h. To ensure that complete conversion 
was achieved, the reaction was allowed to run for 12 h.  
3.2.3 Synthesis of PDMS-PES copolymers via the one-prepolymer method  
Segmented copolymers of PDMS-PES can be prepared by two means: a one-prepolymer 
method and a two-prepolymer method. Both of these methods were used in this work. The 
first method is the more common: it affords random segmented PDMS-PES copolymers and 
can be carried out in a one-step or in a two-step reaction.  
3.2.3.1 PDMS-s-PBA copolymers 
Two methods for the synthesis of PDMS-s-PBA copolymers were used. Both are one-
prepolymer methods, and all the reactants were introduced in one step as shown in Scheme 
3.5. The first method is polycondensation in a melt in a one-step reaction. The AA and BD 
monomers, as well as the PDMS oligomers, were charged into a 25 mL round bottom flask. 
The reactor was connected with an adapter, which was also connected to a distillation arm to 
collect methanol and excess butanediol that was evolved during the reaction. The nitrogen 
inlet line could be closed and vacuum applied to the condensing arm, as needed. The reactor 
temperature was increased to melt the raw materials. After 30 min TIP catalyst was added to 
the reaction mixture. The reaction temperature was increased to 140 °C under a nitrogen gas 
flow, and the reaction was continued for 6 h. Half of the first added quantity of TIP catalyst 
was added, before the reaction temperature was raised to 220 °C, under reduced pressure, and 
the polymerization allowed to continue for a further 8 h.  
The second method of PDMS-s-PBA copolymer synthesis is called the dilution-concentration 
method, which starts in solution and ends under bulk polymerization conditions.16 First AA 
and BD in a 1:1.1 molar ratio were added to a two-neck round bottom reaction vessel. The 
reactor temperature was increased to melt the raw materials and then freshly distilled toluene 
was added to form a solution of 40% copolymer concentration. After approximately 30 min 
TIP catalyst and the PDMS oligomers were added in the required percentages to the reaction 
mixture. The reaction temperature was increased to 140 °C, under a nitrogen gas flow. The 
reaction was continued for 6 h. Half of the first added quantity of TIP catalyst was added, and 
then the reaction temperature was raised to 220 °C, under reduced pressure, and the 
polymerization allowed to continue for 8 h.  
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Scheme 3.5: Synthesis of random segmented PDMS-PBA copolymers.  
PBA homopolymer was synthesized in the same manner, without PDMS oligomer addition. 
The entire series of PDMS-s-PBA copolymers was soluble in chloroform. The solutions were 
precipitated into a 60/40 mixture of methanol/isopropanol to remove any unreacted PDMS 
and PES from the final product, which were then precipitated. The copolymer was further 
purified from the remaining PDMS homopolymer by reprecipitation from the THF solution, 
into n-hexane, and then dried at 40 °C under vacuum. This allowed for the correct 
experimental determination of the weight percent of PDMS incorporated into the copolymer 
in later 1H-NMR studies. The unreacted PDMS weight was measured gravimetrically as the 
weight of polymer before and after the extraction. The same purification procedures were 
carried out for all the obtained copolymers (the PDMS-s-PBCH and PDMS-br-PBCH 
copolymers). The structures and compositions of the synthesized PDMS-PES copolymers 
were verified by 1H-NMR spectroscopy and GEC, while the molar masses were determined 
by SEC.  
3.2.3.2 PDMS-s-PBCH copolymers 
Two series of segmented PDMS-PBCH copolymers were prepared using a one-prepolymer 
method in a two-step reaction. The first step in the two steps reaction is the preparation of a 
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functionalized PDMS oligomer that can be utilized in a condensation polymerization with the 
monomers that are used in producing the hard segment (polyester segment). This was 
discussed in Section 3.2.2.4. Here the second step of this method is discussed. The reaction 
carried out in the second step is depicted in Scheme 3.6.  
DMCH and BD in a 1:1.5 molar ratio were charged, into a 25 mL one-neck round bottom 
flask connected with an adapter, which was also connected to a distillation arm to collect 
methanol and excess BD that evolves during the reaction. The nitrogen inlet line could be 
closed and vacuum applied to the condensing arm as needed. After the addition of the 
monomers, PDMS with ester end groups was added. This was followed by purging the flask 
with nitrogen for 5 min and the vacuum was then applied for another 5 min to remove any 
trace of water remaining in the monomers. At this point, a slow nitrogen flow was started and 
the reactor vessel preheated to 110 °C, then stirring was started. After the monomers had 
melted, the TIP catalyst was added and the reaction allowed to proceed at 160 °C for 3 h. The 
final temperature reached was 220 °C and determined by the boiling point of the diol under 
high vacuum. An aliquot of titanium catalyst was added before taking the reaction to reduced 
pressure in order to achieve high conversions. The entire series of PDMS-s-PBCH 
copolymers was soluble in chloroform.  
In order to, investigate the effect of the PDMS concentration and PDMS molar mass on the 
copolymers properties ten segmented copolymers of PDMS-PBCH were synthesized in two 
series. In the first series the PDMS oligomers that were used are of similar molar masses 
(2000 g/mol) and the PDMS concentration was varied, as shown in Table 3.5 (series C) 
(shown later in Section 3.3.2.2). In the second series of five copolymers, the copolymers 
contain similar concentrations of the PDMS (10 wt %), but with different PDMS molar 
masses as shown in Table 3.5 (series D). 
Several important observations were noted, during the copolymerization reaction. In the early 
stages of the reaction, with PDMS oligomer, diester and diol monomers present, the reactants 
formed a clear colourless homogeneous mixture above the melting point of the DMCD. 
However, this was not the case for the PDMS-s-PBA copolymers. Here, as the temperature 
was increased, and throughout the ester interchange process, the mixture remained clear, a 
light tan colour, and homogeneous. As the vacuum was applied, after the addition of the 
second aliquot of catalyst, the mixture changed to an opaque tan colour, and the viscosity 
increased dramatically. This may be an indication of phase separation of the two segments. 
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Upon cooling, the entire series of PDMS-PBCH copolymers was opaque due to the semi-
crystalline nature. 
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Scheme 3.6: Synthesis of randomly segmented PDMS-PBCH copolymers.  
3.2.3.3 PDMS-br-PBCH copolymers 
PDMS-br-PBCH copolymers were synthesized in a similar manner by a condensation 
reaction in the melt state between DMCH, BD and PDMS, in two stages, in the presence of 
TIP as a catalyst and pentaerythritol as a branching agent (Scheme 3.7).  In the second stage, 
and after the ester end group PDMS addition, pentaerythritol was added to the reaction vessel 
in the required quantity. The reaction was continued for 2 h at 160 °C. Half of the first added 
amount of TIP catalyst was added, and then the reaction temperature was raised to 220 °C, 
under reduced pressure, and the polymerization was continued for 8 h.  
The first four copolymers in the series of PDMS-br-PBCH copolymers were completely 
soluble in chloroform and THF. The last sample in the series was partially soluble in 
chloroform, which indicated that part of this copolymer was highly branched or even 
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crosslinked. However, insoluble materials were removed from the product samples during the 
purification step, by filtration.  
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Scheme 3.7: Synthesis of randomly branched PDMS-PBCH copolymers.  
3.2.4 Synthesis of PDMS-PBCH copolymers via the two-prepolymer method  
In this study segmented copolymers of PDMS-PBCH were also prepared using the two-
prepolymer method or polymer-polymer polycondensation method. This method is expected 
to afford perfectly alternating segmented PDMS-PES copolymers. The synthesis of the first 
segment (PDMS oligomer) is discussed in Section 3.2.2 and the synthesis of the second 
segment (PBCH segment) is now discussed (Section 3.2.4.1).        
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3.2.4.1 PBCH homopolymers 
Polybutylenecyclohexanedicarboxylate was synthesized using a melt polymerization method. 
The reaction is depicted in Scheme 3.8. DMCH and BD, in a 1:1.5 molar ratio, were charged, 
into a 25 mL one-neck round bottom flask connected with a distillation arm to collect 
methanol and excess BD that is evolved during the reaction. After addition of the monomers, 
a slow nitrogen flow was started and the reactor preheated to 110 °C, with stirring. After the 
monomers had melted, the TIP catalyst was added and the reaction was allowed to proceed 
with slow nitrogen flow at 160 °C for 3 h. The second stage started when half of the first 
amount of the TIP catalyst was added and temperature was increased to 220 °C. The pressure 
within the reaction flask was then decreased to approximately 40 Pa and the reaction was 
allowed to proceed for approximately 2–3 h at 220 °C, and high vacuum. On completion of 
the reaction, the flask and its contents were allowed to cool and the crude product stored 
under N2. 
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Scheme 3.8: Synthesis of linear polybutylenescyclohexanedicarboxylate with OH end groups. 
3.2.4.2 PDMS-s-PBCH copolymers 
The second approach used for the synthesis of the PDMS-s-PBCH copolymer involved first 
preparing a functionalized polyester oligomer that could be utilized in a second 
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transesterfication step. The obtained functionalized polyester oligomer was reacted with the 
ester functional PDMS oligomer to produce perfectly alternating segmented copolymers, as is 
outlined in Scheme 3.9. The raw materials were charged to a 25 mL round bottom flask. The 
reactor temperature was increased to 110 °C in order to melt the raw materials. After 30 min, 
TIP catalyst was added to the reaction mixture. The reaction temperature was increased to 
160 °C under nitrogen gas flow. The reaction was continued for 3 h. Half the first added 
amount of TIP catalyst was added, before the reaction temperature was raised to 220 °C, 
under reduced pressure. The polymerization was continued for 5–6 h, as in the one-
prepolymer method.  
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Scheme 3.9: Synthesis of alternating segmented PDMS-PBCH copolymers.  
3.2.5 Characterization techniques  
3.2.5.1 Nuclear magnetic resonance spectroscopy (NMR) 
The chemical composition of the obtained amino and ester terminated PDMS oligomers were 
determined using NMR (1H and 13C-NMR) (a Varian Unity Inova).  1H-NMR spectra were 
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measured on a Varian 300 MHz instrument using deuterated chloroform as solvent. All the 
spectra were referenced to the solvent chemical shift at δ 7.26 ppm. The absolute molar mass 
of the PDMS oligomer was also calculated using 1H-NMR spectra (with the absence of the 
internal standard TMS in d-chloroform solvent). This is necessary to later avoid any 
confusion with the siloxane peak (chemical shifts) assignments (the signals from the methyl 
groups of the PDMS oligomers and copolymers would have overlapped with the TMS 
reference peak). 13C-NMR spectra were obtained in the same manner as the 1H-NMR spectra 
but long runs were used (overnight runs). All the 13C-NMR spectra were referenced to the 
solvent chemical shift at δ 77.0 ppm. The chemical compositions of the resultant PDMS-s-
PES copolymers were also determined from the 300 MHz 1H-NMR spectra by measuring the 
integrals of the peaks assigned to the methene protons (δ 4.1 ppm) of the PES component, 
and the dimethyl protons (δ 0.07 ppm) of the PDMS component, after the purified 
copolymers had been dissolved in d-chloroform. All the chemical shifts in the NMR spectra 
were assigned to the corresponding chemical structures according to the Cambridge Soft. 
Chem. Office 2006, using an NMR prediction software program.   
3.2.5.2 Fourier-transform infrared spectroscopy (FTIR) 
The chemical composition of the obtained prepolymers (amino and ester terminated PDMS 
oligomers) were determined using FTIR. FTIR was used to follow, and characterize, the 
emergence and disappearance of the amine group (NH2) as the molar mass of the PDMS 
oligomer increased. PDMS samples were prepared by placing a drop of the material between 
two sodium chloride discs. The infrared spectra were obtained with a Perkin Elmer 1650 
Fourier-transform infrared spectrophotometer, and recorded in the range from 500 to 4000 
cm-1, using 32 scans. 
3.2.5.3 High performance liquid chromatography (HPLC) 
HPLC was used to verify the removal of cyclic compounds resulting from equilibration 
polymerization during PDMS synthesis. The separation was performed using a dual pump 
HPLC comprising the following units: a Waters 2690 separations module (Alliance), Agilent 
1100 series variable wavelength detector, and PL-ELS 1000 detector, and UV detector was 
adjusted to 254 nm, which corresponds to the absorption of the aromatic ring.17 Data were 
recorded and processed using PSS Win GPC unity (Build 2019) software. A PLgel (Polymer 
Laboratories) 3 µm mixed-E column was used at 30 °C. THF was used as solvent at a flow 
rate of 1.0 mL/min. The polymer samples were prepared by dissolving 10 mg of PDMS in 2 
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mL THF. The samples were filtered through a Gelman Glass Acrodisc or a Gelman GHP 
Acrodisc prior to introduction to the column. 
3.2.5.4 Size exclusion chromatography (SEC) 
SEC was used to determine the average molar masses (Mn and Mw) of the prepared PDMS 
oligomers and its polydispersity. The end groups of the oligomers were deactivated and the 
samples were run through a lab chromatography column to ensure removal of non-
deactivated species. The PDMS was dried at 40 °C for 24 h under vacuum and dissolved in 
THF. SEC analysis was carried out using a Waters model 610 pump, Waters model WISP 
717 auto-injector, and model 410 refractive index detector and 486 UV detector. Two PLgel 
columns 5 µm Mixed-C 300 x 7.5 mm and a pre-column (PLgel 5 µm Guard 50-7.5 mm) 
were used. The column oven was kept at 30 °C and the injection volume was 100 µm. THF 
was used as solvent at a flow rate of 1.0 ml/min, and calibration was done using polystyrene 
standards. Furthermore the average molar mass of the PDMS-PES (Mn and Mw) and its 
polydispersity were also determined by SEC. The UV detector was adjusted to 310 nm, 
which corresponds to the absorption of the ester group.18 For SEC analysis, 10 mg of PDMS-
PES copolymers were dissolved in 2 mL THF. The samples were filtered through a Gelman 
Glass Acrodisc or a Gelman GHP Acrodisc prior to introduction to the column. 
3.2.5.5 Gradient elution chromatography (GEC) 
GEC was successfully used to monitor the chemical composition of the PDMS-PES 
copolymers.  In the GEC the copolymers fractionate based on the chemical composition using 
a mixture of THF and hexane with a flow rate of 1 mL/min. Figure 3.4 illustrates the gradient 
elution profile of the solvents concentration. The separation was performed using a dual 
pump HPLC comprising of the following units: Waters 2690 separation module (Alliance), 
Agilent 1100 series variable wavelength detector, and PL-ELS 1000 detector. Data were 
recorded and processed using PSS WinGPC unity (Build 2019) software. The separation was 
achieved using a bare silica column (Nucleosil C18 5 µm (250 mm x 4.6 mm)), working at 30 
°C. Samples were prepared in THF at a concentration of 5 mg/mL. 
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Figure 3.4: Gradient elution profile that was used in HPLC to fractionate the PDMS-PES copolymers 
(Stationary phase: Nucleosil C18 5 µm, mobile phase: THF/hexane; ELSD detector). The gradient was 
started at 10:90 of (THF/hexane, (v/v)), held constant for 5 min, then changed linearly within 3 min to 61:39 
of (THF/hexane, (v/v)), and held constant for 7.5 min and then changed linearly within 3 min to 90:10 of 
(THF/hexane, (v/v)), and held constant for 6 min and then changed linearly within 4.5 min to 10:90 of 
(THF/hexane, (v/v)). The flow rate was 1 mL/min. 
3.2.5.6 Size exclusion chromatography-multi angle laser light scattering (SEC-MALLS) 
The SEC-MALLS measurements were carried out on polymer solutions to determine the root 
mean square radius of gyration values in order to calculate the branching indexes (g)19 of the 
PDMS-br-PBCH copolymers. The MALLS instrument is placed after the SEC column, 
followed by the RI detector. The SEC separates the copolymer sample with regard to 
hydrodynamic volume and then the samples pass through the MALLS instrument that 
analyzes each elution segment, and then the samples pass through the RI detector. A 
chromatography system here consisted of a 610 Waters pump, a 717 autosampler (Waters, 
Milford, MA), a laser photometer MiniDAWN (Wyatt Technology Corporation, Santa 
Barbara, CA) and a 410 differential refractometer (Waters). ASTRA software (Wyatt 
Technology Corporation) was used for data processing and collection. The same columns as 
used in the previous SEC analysis (Section 3.2.5.5), were used. The mean square radius of 
gyration (<R2>) was obtained from SEC-MALLS for the PDMS-br-PBCH copolymers and 
their analogy of PDMS-s-PBCH copolymer. Thus the branching indexes of PDMS-br-PBCH 
copolymers were determined using the following equation: 
g = <R2> branched /<R2> linear       [Eq 3.1]  
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3.3 Results and Discussion 
3.3.1 PDMS and PBCH oligomers characterization 
3.3.1.1 Chemical characterization of PDMS and PBCH oligomers  
The chemical composition of the PDMS oligomers was characterized using NMR (1H-NMR, 
13C-NMR) and FTIR. Figure 3.5 shows typical 1H-NMR spectrum of a PDMS oligomer 
terminated with an amine group. Five different chemical shifts (δ) can be distinguished in the 
spectrum at δ 0.07, 1.2, 1.5, 2.0 and 2.6 ppm. The chemical shift at δ 0.07 ppm corresponds 
to the protons in the methyl group bonded to silicon (CH3), and the chemical shift at δ 2.0 
ppm corresponds to the protons in the end group (amine group (NH2)). The other three 
chemical shifts are related to protons in the methene groups positioned between the silicone 
atom and the amine group.  
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Figure 3.5: Typical 1H-NMR spectrum of a PDMS oligomer terminated with an amine group (PDMS-
NH2). 
Characterization of the ester end capped of PDMS was achieved using 1H-NMR. Figure 3.6 
shows that the chemical shift at δ 2.0 ppm for PDMS-NH2 is shifted to δ 7.6 ppm, which 
corresponds to the protons in the amide group.  
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Figure 3.6: Typical 1H-NMR spectrum of a PDMS oligomer terminated with an ester group (PDMS-
COOCH3). 
Furthermore the chemical shift at δ 2.6 ppm for PDMS-NH2 is shifted to δ 3.24 ppm in the 
PDMS-COOCH3, which corresponds to the protons in the methene group attached to the 
amide group. This set of data gave a clear indication of complete functionalization, and that 
the amine terminated PDMS had been converted to an ester terminated PDMS. The spectra 
clearly show the presence of the methyl group attached to a silicon atom at a chemical shift of 
δ 0.07 ppm, whereas the chemical shifts at δ 1.4–2.4 ppm are assigned to the protons on the 
cyclohexane and methene units at the chain end. The large intensities of the chemical shifts 
that are assigned to the protons on the cyclohexane compared to that assigned to methane, is 
due to the fact that any excess DMCD has not been removed when the 1H-NMR analysis was 
carried out. The remaining DMCD was reacted in the second stage with the BD to form the 
polyester segment in the copolymer and polyester homopolymers as by a product. This was 
removed after polymerisation as discussed in Section 3.2.3.1.   
Figure 3.7 shows a 13C-NMR spectrum of the PDMS oligomer terminated with an amine 
group. There are four well defined chemical shifts, at δ 0, 12, 26 and 45 ppm. The chemical 
shift at δ 0 ppm corresponds to the carbon atom in the methyl group bonded to silicon (CH3), 
the chemical shift at δ 12 ppm corresponds to the carbon atom attached to the silicon atom, 
and the last chemical shift at δ 45 ppm corresponds to the carbon atom attached to the amine 
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group (NH2) at the chain end. The chemical shift at δ 26 ppm corresponds to the carbon atom 
in the methene group placed between the methene attached to the silicone atom and the 
methene attached to the amine group. When the amine end group was converted to the ester 
end group in the PDMS oligomers the 13C-NMR spectrum showed a new chemical shift 
(Figure 3.8) in the area δ 10–60 ppm, due to the carbon atoms in the cyclohexane and methyl 
groups at the chain end.  
80 60 40 20 0
4 3
2
1
NH2
H2N
Si O
Si
CH3
CH3
CH3
CH3
H2C
CH2
H2C
H2C
H2C
H2C
n
Chemical shift (ppm)
1
234
S
 
Figure 3.7: Typical 13C-NMR spectrum of a PDMS oligomer terminated with an amine group (PDMS-
NH2).    
The chemical shifts at δ 175–176 ppm correspond to the carbon of the carbonyl group. The 
shift at δ 176 ppm is related to the carbon atom in the ester’s carbonyl group and that at δ 
175.6 ppm is related to the carbon atom of the amide group created after the reaction between 
the -NH2 end group of PDMS oligomer and the ester group. This is a further indication that 
the PDMS end group was converted into an ester end group, which in the second step reacts 
with the diol monomers.  
The chemical composition of the PBCH oligomers was also characterized using 1H-NMR and 
13C-NMR. During the synthesis of the PBCH homopolymer it was assumed that the resulting 
polymer would be terminated with a hydroxyl group since an excess of diol was used during 
the polymerization. The effect of this end group on the 1H-NMR spectrum can be seen in 
Figure 3.9 as a chemical shift at δ 3.7 ppm.  
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Figure 3.8: Typical 13C-NMR spectrum of a PDMS oligomer terminated with an ester group (PDMS-
COOCH3). 
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Figure 3.9: Typical 1H-NMR spectrum of a PBCH terminated with a hydroxyl group (PBCH-OH). 
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The 1H-NMR spectrum of the PBCH terminated with a hydroxyl group also shows chemical 
shifts at δ 1.4–2.4 ppm, which are assigned to the protons on the cyclohexane and methylene 
units in the main chain. The signal at δ 4.1 ppm is due to the protons in the methylene group 
that are attached to the carbonyl group in the polymer backbone.  
Figure 3.10 shows the 13C-NMR spectrum of the PBCH terminated with a hydroxyl group in 
which four chemical shifts can be distinguished. The chemical shifts at δ 20–67 ppm are due 
to the carbons in the cyclohexane and methylene groups along the backbone of the PBCH, 
and the chemical shift at δ 175–176 ppm corresponds to the carbon in the carbonyl group.  
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Figure 3.10: Typical 13C-NMR spectrum of a PBCH terminated with a hydroxyl group (PBCH-OH). 
Figure 3.11 shows the FTIR spectra of the PDMS oligomer of two different molar masses 
(1000 and 7000 g/mol) bands, before the esterification process. The assignments are indicated 
in the figure. In the case of the low molar mass PDMS oligomer the amine absorption appears 
more clearly than in the case of the high molar mass PDMS oligomer (dotted curve in the 
figure). The FTIR result confirms results that have been reported by Jeffrey,20 for PDMS 
terminated with amine groups.  
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Figure 3.11: FTIR spectra of PDMS oligomers terminated with amine end groups of two different Mn 
(1000 and 7000 g/mol).  
Figure 3.12 shows typical FTIR spectra of the PDMS oligomer (Mm 1000 g/mol) before and 
after the esterification process, in which the amine groups are converted to ester groups. All 
the bands that indicate the chemical structures of the respective PDMS oligomers with the 
two different end groups (PDMS-NH2 and PDMS-COOCH3 represented by the solid curve 
and dotted curve, respectively) are clearly defined in the figure. The spectra of the PDMS in 
Figure 3.12 are of low molar mass oligomer and hence the NH2 band appears very clearly. 
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Figure 3.12: FTIR spectra of PDMS terminated with amine and ester end groups, respectively (Mn 1000 
g/mol). 
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In addition to the Si-O-Si absorption band at 1051 cm-1 a strong carbonyl absorbance at 
1730–1740 cm-1 is apparent, as well as the broad absorbance due to the C-O bond at 1100–
1200 cm-1 in Figure 3.12. Thus functionalization of the PDMS prepolymer to the diester form 
was clearly confirmed via FTIR. Assignment of all the bands in the FTIR spectrum is given 
in Table 3.2. In the FTIR spectrum of the PDMS-COOCH3 (Figures 3.12) the band at 3260 
cm-1 may be due to the presence of hydroxyl groups from the methanol in the product or 
water molecules in the atmosphere. (The PDMS-NH2 samples taken after the ring opening 
polymerization were stopped and the reactor was transferred to the argon box. In the argon 
box the FTIR samples were prepared. In the case of PDMS-COOCH3, the samples were taken 
from the reaction vessel and put on the FTIR cell in the room atmosphere). 
Table 3.2: Infrared assignments for PDMS-NH2 and PDMS-COOCH3 
Wave number (cm-1) Assignment 
3260 N-H stretch of the amine end group 
2960 C-H stretch of the methyl group
 
2864 alkane stretch 
1730 ester carbonyl 
1456 methylene bend 
1257 Si(CH3)2O symmetric deformation 
1171 C-O 
1051 Si-O-Si stretch 
800 Si(CH3)2 stretch, CH3 rock 
3.3.1.2 Determination of PDMS molar mass and the removal of cyclic components 
 Molar masses for the amine-terminated PDMS oligomers were determined by 1H-NMR after 
thermal decomposition of the siloxanolate catalyst and removal of the cyclic components by 
distillation. Results were confirmed by chromatographic analysis as is discussed later in this 
section. From equation [Eq A.1] and by the integration of the chemicals shifts in the 1H-NMR 
spectra the molar mass can be calculated. A typical 1H-NMR spectrum of PDMS with 1000 
g/mol theoretical molar mass is shown in Figure 3.5. 1H-NMR spectra of PDMS with other 
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molar masses are shown in Appendix A-2. A summary of the obtained results is tabulated in 
Table 3.3.  
Table 3.3: Comparison of the target and the determined molar masses of PDMS oligomers 
Target Mm 
(g/mol)
 
Mm a 
(g/mol) 
Mwb 
(g/mol) 
Mnb 
(g/mol) 
Mw /Mnb  
1000  940 1554 1213 1.28 
2000 1950 2846 2194 1.30 
4000 3400 5270 4250 1.24 
7000 6050 9980 7120 1.41 
10000 9100 12640 10195 1.24 
a
 Measured by 1H-NMR 
b
 Measured by SEC 
Table 3.3 shows that the Mm determined from 1H-NMR is lower than the target Mm for all the 
PDMS oligomers and as the molar mass increases this difference between the target and the 
determined molar mass becomes larger. This may indicate that less cyclic molecules were 
formed during the synthesis of low molar mass PDMS than in the higher molar mass PDMS 
oligomer. This could be because in the case of PDMS synthesis with high molar mass the 
quantity of D4 that is used in the polymerization feed is greater than in the case of PDMS 
with low molar mass. This can contribute to an increase in the concentration (by weight) of 
cyclic molecules when the polymerization reaction reaches the equilibrium stage. This is 
because fewer PDMS molecules were formed in the case of the higher PDMS molar mass 
oligomers than were formed in the case of the lower PDMS molar masses oligomers from the 
same weight of D4.    
HPLC with an ELSD detector was used to ensure that distillation under vacuum can 
successfully separate the cyclic products (cyclic compounds of siloxane) from the linear 
products (PDMS oligomer) after the ring opening equilibrium polymerization. This was 
necessary in order to ensure that the correct percentage of the required PDMS oligomer will 
be used in the copolymerization reaction in the later stage. Before SEC and HPLC analysis 
can be done it is necessary to carry out a deactivation reaction of the PDMS oligomer end 
group. This is done by reacting the amine end group with benzophenone (see Section 3.2.2.3 
and Appendix A-3). 
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Figure 3.13: HPLC results of the undistilled and distilled PDMS oligomers of (a) 1000 g/mol target molar 
mass and (b) 7000 g/mol target molar mass. 
Figure 3.13 shows an example of the HPLC results obtained for undistilled and distilled 
PDMS oligomers. It is clear that cyclic PDMS oligomers can be removed using vacuum 
distillation. A UV detector was also used to monitor the liner PDMS oligomers, which are 
terminated with benzene rings. The benzene ring has UV absorption at approximately 254 
nm.17 However, no complete overlapping was obtained for any of the PDMS oligomers; thus, 
even though cyclic compounds of siloxane can be removed there is no way to be completely 
sure that all cyclic compounds have been removed from the reaction mixture.     
SEC was used to determine the average molar masses and polydispersity of the PDMS 
oligomers. Figure 3.14 shows five overlaid peaks from SEC results of PDMS of different 
molar mass after removal of the cyclic compounds of siloxane and blocking the end group. 
The obtained average molar mass (Mn and Mw) and polydispersity index results from SEC for 
these five polymers are summarized in Table 3.3. The obtained molar mass values (Mn) from 
the SEC are clearly greater than the values of the target molar masses, and also larger than the 
estimated molar mass values (Mn) by 1H-NMR technique. This is due to the fact that SEC 
results are relative to the linear polystyrene standards and are not absolute molar masses 
values. In addition to the possibility of the addition hydrodynamic volume to each PDMS 
molecule when the end functions groups (amino) were blocked by bulky group 
(benzophenone group). 
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Figure 3.14: SEC results of PDMS oligomers of various molar masses. 
The molar mass of the polyester homopolymers were determined in the same manner as the 
PDMS-PES copolymers and the results are discussed in Section 3.3.2.     
3.3.2 PDMS-s-PES copolymer characterization 
3.3.2.1 PDMS-s-PBA copolymer 
Data pertaining to the two series of PDMS-s-PBA copolymers, synthesized using the one-
prepolymer method, are tabulated in Table 3.4. The first series of the PDMS-s-PBA 
copolymers (series A) was prepared in bulk polymerization and the second series (series B) 
the first stage of the copolymer synthesis was carried out in toluene (see Section 3.2.3.1). The 
chemical compositions of the PDMS-s-PBA copolymers were characterized by 1H-NMR 
after homopolymer extraction. The results obtained are shown in Figure 3.15 for series A and 
in Figure 3.16 for series B.  
The 1H-NMR spectra in both figures clearly show six distinguishable chemical shifts. The 
presence of the methyl groups attached to the silicon atoms in the PDMS segment appears at 
the chemical shift δ 0.07 ppm. The protons of the methene groups attached to the ester groups 
in the ester segment appear at the chemical shift δ 4.1 ppm. These chemical shifts provide 
confirmation of the presence of both PDMS and PBA segments. The proton of the amide 
group appears at the chemical shift δ 7.6 ppm, which provides confirmation of the formation 
of the copolymers. The PDMS and PBA contents were determined as illustrated in Appendix 
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B-1 by calculations based on the integration of both these peaks. Results are included in 
Table 3.4.  
Table 3.4: Data for the two series of PDMS-s-PBA copolymers prepared using different PDMS 
concentrations and two different synthesis conditions, (A and B series), by the one-prepolymer method 
Sample  PDMS (wt %) 
PDMSa 
(wt %)  
Unreacted 
PDMS (wt %) 
Mw b 
(g/mol) 
Mn b 
(g/mol) Mw/ Mn 
PBA 0 0.00 - 9650 4214 2.29 
A-1 5 2.88 42.4 8288 3342  2.48 
A-2 10 6.11 38.9 9905 4442 2.23 
A-3 25 12.50 50.0 8153 3810 2.14 
A-4 40 26.30 34.3 8617 3830 2.25 
A-5 60 37.10 38.3 7989 3682 2.17 
PBA 0 0.00 - 15795 8143 1.94 
B-1 5 4.57 8.2 11239 6314 1.78 
B-2 10 8.97 10.3 17700 9415 1.88 
B-3 25 21.70 13.2 18066 9819 1.84 
B-4 40 34.20 14.7 14310 8131 1.66 
B-5 60 51.10 14.9 12568 7141 1.76 
a
 Measured by 1H-NMR 
b
 Measured by SEC 
The PDMS contents (wt %) calculated from the 1H-NMR spectra, were somewhat lower than 
the theoretical values, which were estimated from the initial concentration in the 
copolymerization feed. The percentages of unreacted PDMS indicate that the amount of 
unreacted PDMS increases with an increase in the PDMS content. Nevertheless, in the case 
of series B, the solvent used provided a more compatible media between the PDMS and the 
PBA monomers and thus higher PDMS incorporation was obtained. 
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Figure 3.15: 1H-NMR spectra of PDMS-s-PBA with different PDMS content (series A). 
8 6 4 2 0
C
H
N
C
H2
Si
O
Si
C
H2
H
N
O
3 n 3
O
O
m1, m2, ...
O
Y
1
2 2
6 6
4
4
5
5
3
3
3
3 5 & 5'
S6 5' 4 3 2
1
Chemical shift (ppm)
B-4
B-3
B-2
B-1
B-5
 
Figure 3.16: 1H-NMR spectra of PDMS-s-PBA with different PDMS content (series B). 
Figure 3.17 shows two typical examples of 13C-NMR spectra for series A and series B of the 
PDMS-s-PBA copolymers.  
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Figure 3.17: 13C-NMR analysis of PDMS-s-PBA copolymers A-3 and B-3.  
The chemical shift at δ 0 is due to methyl groups in the PDMS segment whereas the chemical 
shifts at δ 10–60 are due to the carbon atoms in the PBA segment. Each of the chemical shifts 
in the spectra is assigned to the respective carbon atom in the copolymer chain as clearly 
illustrated in the figure. The peak at δ 175.5 is related to the carbon atom in the amide group, 
formed by the reaction between the amine end group of the PDMS oligomer and an ester 
group. This is a very clear indication that the amide link was successfully created between the 
PDMS and PBA segments. 
SEC analysis was performed on the PDMS-s-PBA copolymers to determine the molar mass 
of the copolymers. Figure 3.18 shows the molar mass distributions of the PDMS-s-PBA 
copolymers for series A (Figure 3.18(a)) and for series B (Figure 3.18(b)).  
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Figure 3.18: SEC results, obtained using a RI detector, for PDMS-s-PBA copolymers: (a) series A and (b) 
series B. 
Figure 3.18 also shows the molar mass distributions of the PBA homopolymers. The SEC 
results are included in Table 3.4. The number average molar masses (Mn values) of PDMS-s-
PBA ranged from 6314 to 9819 g/mol for series B, and for series A the maximum Mn was 
4442 g/mol. The molar masses of the copolymers in series B were much higher than that in 
series A. This is because in series B, the first stage of the copolymerization reactions was 
carried out in concentrated solution. Under these conditions the reaction medium is 
heterogeneous, at least at the beginning of the reaction. The copolymer then starts to act as a 
compatibilizer and the reaction medium becomes progressively clear. Thus, for the PDMS-s-
PBA copolymer, high dilution is favoured at the beginning of the reaction (to allow the 
reaction to start), and high concentrations are necessary to obtain high final conversions. It 
has been reported by Auman et al.16 that, in the case of PDMS-polysulphone multiblock 
copolymers, starting in highly diluted medium and concentrating progressively to maintain 
homogeneous conditions leads to higher molar masses. This method is called the dilution-
concentration method and has been discussed previously (see Section 2.3.2). In this study this 
has also proven to be the case for the PDMS-s-PBA copolymers. There is, however, no clear 
effect of a change in the PDMS content on the Mn of the copolymers. The polydispersity 
values over the entire series were less than 2.5. This demonstrates the high efficiency of 
extraction of the small species of either homopolymers or copolymers during the purification 
step. 
A dual RI/UV detector system was used in the SEC analysis.21 These detectors were used in 
order to determine whether more PDMS or ester was present in the lower or higher molar 
mass parts of the copolymers. By comparing results obtained from the different detectors 
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used it was possible to make assumptions on the incorporation of the PDMS in the 
copolymers. Figure 3.19 shows the obtained results for two selected examples of series A and 
B, namely A-3 and B-3. 
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Figure 3.19: Typical SEC results of (a) A-3 and (b) B-3 copolymers, obtained using a RI detector and UV 
detector at 310 nm.  
In SEC the RI signal is an indication of the concentration of the copolymer molecules with a 
particular molar mass. The intensity of the UV signal at 310 nm is a function of the quantity 
of ester groups (C=O) present in a sample.18 Therefore the UV signal can be used as 
indication of the relative quantity of the PBA segments in the copolymer samples as a 
function of the molar mass distribution in the copolymers. In the case of even distributions of 
PBA segment along the copolymer chains the normalized detector signals are supposed to 
overlap with each other. However, not all the samples showed overlapping of the RI and UV. 
The UV peaks are slightly shifted to either the right or left of the RI peaks, as is shown in 
Figure 3.19. This is clear indication that random copolymers were obtained, where the ester 
segment is randomly distributed over the molar mass distribution of the PDMS-s-PBA 
copolymer. The heterogeneity of the copolymers was investigated further using GEC.    
Figure 3.20 shows a typical gradient elution analysis of the PDMS-s-PBA copolymers before 
and after the extraction of the unreacted PDMS oligomers.  
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Figure 3.20: Typical gradient elution analysis chromatogram of a PDMS-PBA segmented copolymers (B-
5), (see Section 3.2.5.5). 
The PDMS and the PBA homopolymers also injected to identify the positions of the 
homopolymers that could appear in the copolymers. In the PDMS-s-PBA copolymers three 
grouping of peaks can be observed. The two small peaks at approximately 3 and 22 min can 
be attributed to the PDMS homopolymer and the PBA homopolymers, respectively. The 
peaks that related to the PDMS and the PBA homopolymers are extremely small in the 
extracted PDMS-s-PBA copolymer. The large peak at about 13 min is that of the copolymer 
containing both PDMS and PBA segments. 
Figure 3.21 shows chromatograms of the PDMS-s-PBA copolymers of series B with different 
PDMS content and 2000 g/mol. Series A was not investigated by GEC due to the low PDMS 
incorporation and the small molar masses of the obtained copolymers. Here, in series B, it 
was noticed that with increasing PDMS content there was a shift in the time at which the 
copolymers eluted. This shift is due to the fact that separation in GEC occurs according to the 
chemical composition. PDMS elutes from the column after a shorter retention time compared 
to the PBA, and therefore the higher PDMS content copolymers (B-5) elute earlier than the 
lower PDMS content copolymers (B-1). In two copolymers in this series (B-1 and B-4) there 
was still a small quantity of PBA homopolymer present, which eluted at 22 min. Subsequent 
extractions did not result in its removal, due to the low molar mass of these PDMS-PBA 
copolymers. The small remains of the homopolymers were also observed for several PDMS-
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PBCH copolymers (C-2, E-2 and most of F series), discussed later (Section 3.3.2.2 and 
3.3.2.3). 
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Figure 3.21: Typical gradient analysis results for PDMS-PBA multiblock copolymers of series B (see 
Section 3.2.5.5).  
Since extremely small quantities of homopolymers were observed in several PDMS-PBA 
copolymers the effect of the presence of this small quantity on the surface morphology 
investigation was considered to be insignificant. However, the surface morphology of several 
copolymers from series C, D and E was investigated in Chapter 7 after complete PBCH 
removal by using GEC-AFM off line coupling technique.  
3.3.2.2 PDMS-s-PBCH copolymer 
Table 3.5 shows three series of PDMS-s-PBCH copolymers. Two of these series (series C 
and D) were prepared by the one-prepolymer method and one series (series E) was prepared 
using a two-prepolymer method. The chemical compositions of the PDMS-s-PBCH 
copolymers were determined using 1H-NMR. Figure 3.22 shows four examples of 1H-NMR 
spectra of PDMS-s-PBCH copolymers (C-2, D-1, E-1 and E-2). The spectra clearly show the 
presence of the methyl groups attached to the silicon atoms δ 0.07 ppm. The chemical shifts 
at δ 1.4–2.4 ppm are assigned to the protons on the cyclohexane and methene units in the 
main chain. The chemical shift at δ 4.1 ppm is due to the protons in the methylene group 
attached to the carbonyl group along the backbone of the copolymer, indicating the presence 
of the polyester segment. The small chemical shift at δ 4.25 ppm corresponds to the proton in 
a butanol unit located at the chain end. The chemical shift at δ 3.24 ppm corresponds to the 
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protons in the methene group attached to amide group. The proton of the amide group 
appears at the chemical shift δ 7.6 ppm, which provides confirmation of the formation of the 
copolymers. Several 1H-NMR spectra of the PDMS-s-PBCH did not show chemical shifts at 
δ 3.24 and at δ 4.25 ppm because the concentration of amide and the chain ends was too low 
for detection. Similar chemical shifts were obtained for alternating PDMS-s-PBCH 
copolymers, as is illustrated for examples E-1 and E-2.  
Table 3.5: Data for the three series of PDMS-s-PBCH copolymers prepared using different PDMS 
concentrations and PDMS molar mass 
Sample  PDMS Mn (g/mol) 
PDMS 
(wt %) 
PDMSa  
(wt % ) 
Unreacted 
PDMS 
(wt %) 
Mw b 
(g/mol) 
Mn b 
(g/mol) Mw/ Mn 
PBCH - 0 0.00 - 27719 17171 1.66 
C-1 2000 5 4.74 5.2 25990 16665 1.76 
C-2 2000 10 9.20 8.0 27719 17171 1.62 
C-3 2000 25 22.70 9.2 34502 20239 1.71 
C-4 2000 40 35.76 10.7 32720 18568 1.70 
C-5 2000 60 52.10 13.2 31204 16860 1.85 
D-1 1000 10 9.35 6.5 29981 15142 1.98 
D-2 2000 10 9.20 8.0 27719 17171 1.62 
D-3 4000 10 8.90 11.0 31712 17816 1.78 
D-4 7000 10 9.10 10.0 37770 16862 2.24 
D-5 10000 10 8.60 14.0 39915 18828 2.12 
E-1 2000 5 6.74 3.4 27720 14904 1.86 
E-2 2000 10 13.10 6.2 33917 18235 1.86 
E-3 2000 25 27.21 9.9 29266 17420 1.68 
E-4 1000 10 12.42 6.8 35043  1.88 
a
 Measured by 1H-NMR 
b
 Measured by SEC 
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Figure 3.22: Typical 1H-NMR spectra of PDMS-s-PBCH copolymers (C-2, D-1, E-1 and E-2) after 
extraction of homopolymers. 
1H-NMR spectra of PDMS-s-PBCH copolymers, prepared using the one-prepolymer method, 
were also used to determine the chemical composition of these copolymers by integrating the 
peaks at δ 0.07 and at δ 4.1 ppm and using the equations shown in Appendix B (Eq B-1 and 
Eq B-2). Results are included in Table 3.5.  
The experimental value of the PDMS content calculated from the 1H-NMR spectra, were 
somewhat lower than the theoretical values, which were determined from the initial 
concentration in the copolymerization feed. This is similar to the results obtained for the 
PBA-s-PDMS copolymers. The percentages of unreacted PDMS increase with an increase in 
the PDMS content for series C and with an increase in the PDMS segment length for series 
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D. This might be as a result of fewer functional groups on the PDMS chain available to react 
as the PDMS content increases in series C and as the molar mass of the PDMS increases for 
the same PDMS weight present in series D. Furthermore, when series C is compared with 
series B, the percentage of unreacted PDMS for the aliphatic polyester (PBA), (series B in 
Table 3.4), is higher than for cycloaliphatic polyester (PBCH) (series C in Table 3.5). This is 
due to the fact that the cycloaliphatic polyester is more compatible with PDMS than the 
aliphatic polyester. All the copolymers in the series did, however, show good PDMS 
incorporation with a higher PDMS feed ratio. All the PDMS-s-PBCH copolymers prepared 
using the two-prepolymer method, show relatively high PDMS incorporation greater than that 
obtained from the one-prepolymer method. This is due to the restriction of the incorporation 
of the PBCH long segment, due to the low concentration of the reactive group when it 
compared with the reactive groups in the monomers that are used in the one-prepolymer 
method (DMCH). The net result of that is high PDMS content obtained in the copolymer 
chains obtained from two-prepolymer method, after the extraction of the unreacted 
prepolymers. In series E two important points must be emphasized: firstly, although the 
amounts of unreacted PDMS are very low (Table 3. 6) the copolymer yield was very little. 
Second, at the end of the reaction, in E series, when the vacuum is applied the presence of 
large quantity of unreacted PBCH segments can cause two segments of PBCH to react and 
form longer PBCH segment. The longer PBCH segment can also react with the PDMS-PBCH 
copolymers. This may lead to the formation of random length of PBCH segment in the end of 
the copolymers chains.    
Figure 3.23 shows the 13C-NMR spectrum of a PDMS-s-PBCH copolymer. There are three 
regions of chemical shifts. The first region is at δ 0 ppm, which is related to the methyl 
groups in the PDMS segment. The second region is from δ 10–60 ppm, which is due to the 
carbons in the cyclohexane and methene groups along the backbone of the PBCH segment. 
The third region is at δ 175–176 ppm, which is related to the carbon in the carbonyl group. 
The chemical shift at δ176 ppm is due to the actual carbon atom in the ester carbonyl group 
and the chemical shift at δ 175.5 ppm is related to the carbon atom in the amide group, 
formed by the reaction between the amine end group of PDMS oligomer and an ester group 
of the diester monomer.    
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Figure 3.23: A typical 13C-NMR spectrum of PDMS-s-PBCH copolymer (C-1).  
Figure 3.24 shows SEC traces of the PDMS-s-PBCH copolymers with different PDMS 
concentrations or different PDMS block lengths. All have mono-modal peaks, with relatively 
narrow distributions. In some cases there is small broad peak at the low molar mass side, 
which might be due to low molar mass fractions of the copolymer, it could not be due to 
PDMS oligomers because unreacted PDMS oligomers were extracted twice immediately after 
the copolymerization as described in experimental section (Section 3.2).  
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Figure 3.24: Typical SEC results for PDMS-s-PBCH copolymers: (a) series C, and (b) series E. 
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In Figure 3.24(a), in some cases there is also a small peak or shoulder at the high molar mass 
side, indicating high molar mass fraction of the copolymer. These fractions could be 
generated by the chain ester link scission (side reaction) that can occur during 
polycondensation reactions, as is shown in Scheme 3.10. 
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Scheme 3.10: Scission side reaction in polyester chains.  
The polyester chain segment breaking reaction occurs to form the vinyl ester (-COO-
CH=CH2), which can react with other chain ends to reform ester links or to form 
acetaldehyde (anhydride link) (-CO-O-CO-).22,23 Vinyl esters can also form complexes with 
metals such as titanium, which is present in the catalyst structure. This complex has a yellow 
brownish colour, and thus all those samples show brown colours.22,23 
Table 3.5 shows a summary of the SEC results. The number average molar mass of PDMS-s-
PBCH copolymers ranged from about 20239 to 16665 g/mol for series C, from 18828 to 
15142 g/mol for series D, and from 18640 to 14904 g/mol for series E. There is, however, no 
clear effect on the Mn of the copolymers due to using different copolymerization methods, or 
different PDMS content, or different PDMS of different molar mass. The polydispersity 
values for the entire C and E series were < 2, but for D-4 in series D it was as high as 2.24. 
This range of polydispersity values for the products of polycondensation reactions is 
considered to be extremely good,24 and demonstrates the high efficiency of the extraction of 
the small species of either homopolymers or copolymers during the purification step. 
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Two detectors (RI and UV) were used for SEC analysis to obtain a clear picture of the 
chemical composition of the copolymers and their molar mass distributions. Four examples 
of the results obtained are shown in Figure 3.25; in all the samples the UV peaks were shifted 
to either the right or left of the RI peaks.  
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Figure 3.25: SEC results of PDMS-PBCH copolymers, obtained using a RI detector and UV detector at 
310 nm: (a) C-2, (b) E-2, (c) D-1, and (d) E-4.  
The UV signal at 310 nm was also used as an indication of the concentration of the PBCH 
(ester group (C=O)) segments in the copolymer samples as a function of the molar mass 
distribution in the copolymers, which was detected from the RI response. The copolymers C-
2, E-2 and E-4 show UV peaks shifted to the right of the RI peak. This could be an indication 
that there is more PBCH present in the lower molar mass copolymer molecules than in the 
higher molar mass copolymer molecules. On the hand, copolymer D-1 shows the UV peak 
shifted to the left, which indicates that there is less PBCH present in the lower molar mass 
copolymer molecules. In the case of both copolymers obtained using the one-prepolymer 
method (C-2 and D-1), small shoulders at high molar mass were observed in the RI response 
that were not detected using the UV detector. The shoulders indicate that the high molar mass 
Chapter 3: Synthesis and Characterization of Multiblock PDMS-PES Copolymer 
 
 
 
85 
copolymer chains consist of very small PBCH segment lengths (m = 1) (as the ester group is 
not detected by the UV detector at 310 nm).18 This type of randomness is not observed for a 
perfectly alternating copolymer (E-2 and E-4). Not observing such randomness could be due 
to the large segment lengths of both PDMS and PBCH that were incorporated into the 
copolymer chain using the two-prepolymer copolymerization method. This explanation was 
confirmed from the GEC results, as illustrated in Figures 3.26 and 3.27.   
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Figure 3.26: Typical examples of GEC results of PDMS-s-PBCH copolymers (C-1), and PDMS and PBCH 
homopolymers (see Section 3.2.5.5). 
Figure 3.26 shows a typical example of the GEC results for C-1 before and after copolymer 
purification, and PDMS and PBCH homopolymers, using a mixture of hexane and THF 
solvents with a gradient profile as shown in Section 3.2.5.5. GEC analyses of PDMS and 
PBCH homopolymers were run separately. It was found that, the PDMS sample eluted 
between 2.5 and 3 min. On the other hand, a PBCH sample eluted at 18–21 min retention 
time. Two GEC chromatograms were recorded for the C-1 copolymer: the first before 
purification and the second after the PDMS and PBCH homopolymers were extracted from 
the C-1 copolymer. The GEC chromatogram of the copolymer before homopolymers 
extraction shows a very good separation into three fractions, based on the chromatographic 
behaviour of the PDMS and PBCH homopolymers discussed above. These fractions can be 
easily assigned as follows: the first fraction, at 2.8 min, is unreacted PDMS homopolymer, 
the second fraction, at 18 min, is PBCH homopolymer and the large fraction, which start 
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eluting at 12 min is clearly copolymer chains that consist of both PDMS and PBCH 
segments. The GEC chromatogram of the purified copolymer shows one large fraction at 
about 12–15 min for the copolymer. The complete absence of the homopolymer fractions 
proves the successful removal of the PDMS homopolymers. 
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Figure 3.27: Typical examples of GEC results of PDMS-s-PBCH copolymers (see Section 3.2.5.5). 
Figure 3.27 shows four examples of the GEC results form series C, D and E after copolymer 
purification. Two copolymers in this series (C-2 and E-2) show, in addition to the main eluted 
peak, small peaks, which could be due to the variation in the PDMS content in the copolymer 
chains. There was also a very small shift in the time at which the copolymers eluted, which 
corresponds to the increasing PDMS molar mass in the copolymer chains for D-3 and D-4. 
However, from C-2 and E-2 results one can conclude that the shift does not correspond to the 
increasing PDMS molar mass alone, but it is indeed corresponding to small changes in the 
PDMS content in the copolymers, as revealed from 1H-NMR results (see Table 3.5). The 
separation in GEC occurs according to chemical composition, the higher PDMS content 
copolymer chains elute earlier than the lower PDMS content chains. However, the shift in the 
eluting time in Figure 3.27 could be also attributed to the variation in the PBCH segment 
length in the random copolymers, which can also affect the peak shape and position. 
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3.3.2.3 PDMS-br-PBCH copolymer  
Characterisation of the PDMS-br-PBCH copolymer series, prepared using the one-
prepolymer method are tabulated Table 3.6. 
Table 3.7: Characteristics of the PDMS-br-PBCH copolymers (F-1 to F-5), prepared using the one-
prepolymer method 
Sample  
PDMS Mn 
(g/mol) 
Branching 
agent 
(wt %) 
PDMS a 
(wt %)  
Unreacted 
PDMS 
(wt %) 
Mw b 
(g/mol)  
Mn b 
(g/mol) Mw/ Mn g 
c
 
F(D-1) 1000 0 9.35 6.50 29981 15142 1.98 1 
F-1 1000 0.1 9.10 10.00 27208 14717 1.84 0.94 
F-2 1000 0.2 9.51 4.90 33950 14634 2.32 0.75 
F-3 1000 0.5 9.32 6.80 35147 15832 2.22 0.62 
F-4 1000 1 8.90 11.00 33573 16141 2.08 0.52 
F-5 1000 2 9.44 5.60 35632 16345 2.18 0.47 
a
 Measured by 1H-NMR 
b Measured by SEC 
c
 Measured by SEC-MALLS  
Figure 3.28 shows a typical 1H-NMR spectrum of a PDMS-br-PBCH copolymer. The 
spectrum shows similar chemical shifts to those obtained for the PDMS-s-PBCH copolymer 
namely δ 0.07, 1.4–2.4, and 4.1 ppm. The proton of the amide group appears at the chemical 
shift δ 7.6 ppm, which provides confirmation of the formation of the copolymers. There is 
also a small chemical shift at δ 3.7 ppm, which corresponds to the protons that are attached to 
methylene units in the branching agent. This chemical shift provides proof that the obtained 
copolymer is a branched copolymer. 1H-NMR spectra of PDMS-br-PBCH copolymers were 
also used to determine the chemical compositions of these copolymers. The results are also 
included in Table 3.6. 
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Figure 3.28: Typical example of a 1H-NMR spectrum of PDMS-br-PBCH with 0.5% branching agent 
content.  
Figure 3.29 shows the 13C-NMR spectrum of the PDMS-br-PBCH copolymer. It also shows 
similar chemical shifts to that observed for PDMS-s-PBCH copolymers (Figure 3.23), in 
addition to the important chemical shifts (enlarged in the same figure) at δ 42.7 ppm, which 
corresponds to the carbon at the branching point. The copolymer compositions of the 
synthesized PDMS-br-PBCH copolymers are summarized in Table 3.6. The initial PDMS 
content in the copolymerization feed in the entire series was 10 wt %, however, the PDMS 
content values in the copolymers calculated from 1H-NMR spectra of the PDMS-br-PBCH 
were lower than the theoretical values. The content of the branching agent in the branched 
copolymers had no clear effect on the percentages of unreacted PDMS.  
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Figure 3.29: Typical 13C-NMR spectrum of PDMS-br-PBCH with 0.5% branching agent content. 
SEC was applied to PDMS-br-PBCH copolymers to evaluate the molar masses of the 
copolymers using an IR detector. The number average molar masses (Mn and Mw) and the 
polydispersity values (Mn/Mw) obtained for the branched copolymers are summarized in 
Table 3.6. It was found that PDMS-br-PBCH copolymers can be obtained with relatively 
high molar mass using melting polycondensation under the same condition as the PDMS-s-
PBCH copolymers. Table 3.6 shows that the number average molar masses of the copolymers 
in the PDMS-br-PBCH series ranged from 16345 to 14171 g/mol. However, a change in the 
percentages of branching agent used had no clear effect on the Mn of the copolymers. The 
polydispersity values for the entire series were less than three, which is considered to be 
fairly low for a condensation polymerization reaction when compared to the polydispersity of 
products of a typical condensation polymerization.25  
Figure 3.30 shows a typical example of the SEC results obtained using a dual RI and UV 
detector system for F-3 copolymers. The UV peak is shifted to the left of the RI peak similar 
to in the cases of the C-2, E-2 and E-4 copolymers. This shows that the PBCH segment is not 
well dispersed over the molar mass distribution of the copolymers. 
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Figure 3.30: Typical SEC results for F-3 copolymers obtained using RI detector and UV detector at 310 
nm.  
Figure 3.31 shows the GEC results of the PDMS-br-PBCH copolymers (series F) after 
copolymer purification.   
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Figure 3.31: GEC results of PDMS-br-PBCH copolymers (Series F) with 10 wt % PDMS content, 2000 
g/mol PDMS Mn, and various degrees of branching (see Section 3.2.5.5). 
The GEC results show, in addition to the small shift between the copolymers peaks, each 
single copolymer eluted peak seems to consist of several overlapping peaks. The overlapping 
(multiple) peaks become more recognized as the branching degree increases. These multiple 
peaks are due the difference in the PDMS content in the copolymer chains and possibly also 
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as a result of the branching point and the end group effect (mainly OH). Both the branching 
point and the end group effect increases as the branching degree increases, leading to an 
increase in the polarity of the copolymer and thus a shift in the elution time of the copolymer 
to higher values. Any branching PBCH homopolymers formed must elute after liner PBCH 
homopolymer (after 18 min). The elution peak of the branched copolymer in the GEC 
chromatogram shows broader distribution than that for both the PDMS-s-PBCH copolymers 
series (series C and series D). There are very small amounts of PBCH residual present at 
about 18 min, which can be considered negligible in comparison to the copolymer present. 
The broadness in the copolymer peak could be attributed to the branching effect and the end 
group in the branches, in addition to the large polydispersity of the copolymers in this series 
when compared with the polydispersity of the copolymers in the C series.    
3.4 Conclusions 
Five different molar masses of PDMS oligomers terminated with amine groups were 
successful synthesized via equilibrium ring-opening polymerization of D4.  The chemical 
structure of the PDMS oligomers was confirmed by both 1H-NMR and FTIR. The PDMS 
oligomers were successful used in polycondensation in the melt state to prepare PDMS-PES 
copolymers with relatively high molar masses. The syntheses of PDMS-PES copolymers was 
carried out using a one-prepolymer method in a one-step reaction, to prepare PDMS-PBA 
segmented copolymers, and a two-step reaction to prepare PDMS-PBCH segmented and 
branched copolymers. The PDMS-PBCH segmented and branched copolymer synthesis using 
a one-prepolymer method, involves, first, end capping the PDMS oligomer with an excess of 
ester end groups, followed by reacting with an excess diol. The end capping reaction was 
confirmed using FTIR. A two-prepolymer method also successfully used to prepare 
alternating PDMS-s-PBCH copolymer, using PDMS and PBCH as prepolymers. Copolymer 
molar masses had a great dependency on the ability to achieve high vacuum in the final step 
of the reaction sequence, to enable removal of the excess diol. This forced the reaction to 
completion and, with carefully controlled stirring rates and high temperatures, high molar 
masses were achieved. Any unreacted PDMS in the soluble segmented and the branched 
copolymers were removed by precipitation techniques. The copolymer formation and the 
homopolymers extraction were confirmed by developing a gradient solvent profile using 
GEC techniques.    
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The chemical composition of the obtained copolymers was estimated by 1H-NMR, and the 
average molar masses for all the copolymers and the contraction factor for the branched 
copolymers were measured by SEC and SEC-MALLS respectively. The results showed that 
the percentage of unreacted PDMS increases with an increase the PDMS feed content, for 
both types of polyester, with higher unreacted PDMS for the PDMS-s-PBA series than for the 
PDMS-s-PBCH series. The unreacted PDMS also increases with an increase in the molar 
mass of the PDMS segment. It was also found that the contraction factor decreases with an 
increase the branching agent content in the feed, but no clear effect on the PDMS 
incorporation can be observed. All the copolymer series did, however, show good PDMS 
incorporation with a higher PDMS feed ratio. Although the copolymer molar mass depends 
greatly on the ability to achieve high vacuum in the final step of the reaction, the Mn for 
PDMS-s-PBCH was larger than that for PDMS-s-PBA copolymer; however, no clear effect 
or change in the Mn of the copolymers was detected due to a change in the PDMS content or 
the molar mass of the PDMS segment or the branching agent content.  
The polyester content along the molar mass distribution of the copolymers was monitored by 
SEC using a combined a UV and RI detectors. The copolymers showed random distribution 
for the PES segment over the entire molar mass distribution. The distribution of the chemical 
composition was further investigated using GEC, for all the copolymers series (A–F) in this 
chapter. Selected samples from series C, D and E were investigated using SEC-LC-transform 
and the results presented in Chapter 7.  
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Abstract  
The morphology of two series of semicrystalline polydimethylsiloxane-polyester segmented 
(PDMS-s-PES) copolymers with varying polydimethylsiloxane (PDMS) content was 
investigated. One series was based on polybutyleneadipate (PBA) as the polyester segment 
and the other was based on a polybutylenecyclohexanedicarboxylate ester (PBCH) segment. 
The copolymers were characterized using DMA, DSC and WAXD. The microscopic surface 
morphology and the microscopic bulk morphology were investigated using AFM and TEM, 
respectively. The effects of the polyester type and the PDMS content on the crystallinity 
degree as well as the copolymer surface and bulk morphology at room temperature were 
investigated for each series. DSC and WAXD results showed the ability of the copolymers to 
crystallize, to various degrees, depending on the polyester type and the PDMS content. The 
results showed that the PDMS content had a greater influence on the crystallinity degree in 
the PDMS-s-PBCH (cycloaliphatic) copolymers series than in the PDMS-s-PBA (aliphatic) 
copolymers series. In the copolymers with a low PDMS content the AFM images showed 
spherulitic crystal morphology and evidence of PDMS nano-domains in between the crystal 
lamellae of the ester phase on the copolymer surface. A heterogeneous distribution of the 
PDMS domains was also observed for these copolymers in the bulk morphology as a result of 
this segregation between the polyester lamellae. All the copolymers, in both series, showed 
microphase separation as a result of the incompatibility between the PDMS segment and the 
polyester segment. Three types of surfaces and bulk morphologies were observed: spherical 
microdomains of PDMS in a matrix of polyester, bicontinuous double diamond type 
morphology, and spherical microdomains of polyester in a matrix of PDMS as the PDMS 
content increases. Furthermore, the adhesive force and surface roughness of the copolymers 
were measured using the pulsed-force mode of the AFM. Results correlated to the 
composition of the copolymers.   
Keywords: segmented copolymer morphology; microphase separation; AFM; TEM.   
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4.1 Introduction  
The morphology of a multiphase polymer system plays an important role in determining the 
final properties of the polymers. This area of polymer science has attracted wide interest 
among many researchers who have tried to elucidate the details of microstructure and 
superstructure using a variety of techniques. The number of investigations dealing with the 
synthesis and characterization of multiblock copolymers with crystalline and amorphous 
segments has rapidly increased during the last years.1-7  
Semicrystalline copolymer morphology has recently received much attention largely because 
of the ability of these copolymers to exhibit considerable morphological richness.8-11 This 
richness of morphology arises from two main factors. The first is the driving force for 
microphase separation between unlike segments, especially in the melt. This favours the 
formation of nano-scale domains such as lamellae, spheres and cylinders. The second factor 
is the driving force for crystallization of one segment. This favours the formation of 
alternating amorphous and crystalline layers.12 When the noncrystallisable segment is glassy 
during crystallization (Tg > Tc) the crystallization occurs within the nano-scale domains as a 
result of the microphase separation.12 On the other hand, when the amorphous matrix is soft 
or rubbery during crystallization (Tg < Tc) these two forces compete and, in this case, 
crystallization often occurs with little morphological constraint. This enables the 
crystallisable segment to “breakout” and the crystallization overrides any previous melt 
structure, usually forming lamellar structures and (in many cases) spherulites, depending on 
the composition. However, if the strength of the microphase separation is more than the 
strength of the crystallization, then the crystallization can be only confined to within 
spherical, cylindrical or lamellar nano-scale domains. This is mainly observed in strongly 
segregated systems with a rubbery block.12-15  
PDMS-s-PES copolymers are semicrystalline copolymer systems that consist of amorphous–
crystalline multi-blocks, where the Tg of the PDMS amorphous segment is lower than the Tc 
of the crystalline polyester segment.3 These materials can be regarded as thermoplastic 
elastomers due to the microphase separation of the soft siloxane blocks and the hard polyester 
blocks. The copolymers demonstrate good mechanical properties, such as impact shock 
resistance, even in low temperature environments, as a result of the low Tg of the PDMS 
segment.  In addition, the films are easily compression moulded as a result of the relatively 
low Tm of the copolymer. Moreover, these materials are expected to be potentially useful in 
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outdoor applications due to their UV stability and the hydrophobicity of the PDMS 
segment.1,2 These copolymers have, however, not yet been tested for durability towards 
ageing and weather effects.  
The extremely non-polar nature of the PDMS structure combined with its weak 
intermolecular interaction leads to the creation of a polymer phase that is both 
thermodynamically and mechanically incompatible,16 not only with the polyester segment but 
also with virtually all other polymeric systems.  This leads to the formation of a multiphase 
morphology, regardless of whether the other segment is amorphous or semicrystalline. 
Another important factor to be considered in PDMS copolymers is that the glass transition 
temperature of the PDMS segment in the copolymer is extremely low. PDMS should behave 
like a non-polar viscous liquid at room temperature (at which most characterizations are 
conducted).17 Therefore, the low glass transition temperature also provides ideal conditions 
for the formation of phase-segregated polymer morphologies. The degree of phase 
segregation between the hard and soft segments depends on their molar masses, and the 
interaction of the segments with themselves and with each other. Moreover, the interaction 
between the hard segments depends on the symmetry of the monomer in the polyester 
segment. Therefore, a chain extender having a more symmetrical structure will enhance the 
formation of organized structures, resulting in a more complete phase separated 
morphology.18 The morphology of segmented PDMS-PES copolymers is, therefore, very 
complicated, not only because of their multiphase structure but also because of other physical 
phenomena, such as crystallization of the polyester segment.  
Only a few studies of the morphology of amorphous–crystalline multi-block copolymers have 
been reported. Most of these studies have been confined to the use of visual inspection of the 
copolymers using various microscopic techniques. Among the few copolymers that have been 
studied are the PDMS-PES segmented copolymers.3,18 Miroslawa3 recently reported on the 
spherulitic crystal order of polydimethylsiloxane-polybutyleneterephthalate segmented 
copolymers. He used thin, quenched cooled films from the melt, and investigated the 
morphology using polarizing optical microscopy (POM). More recently, Childs et al.18 used 
atomic force microscopy (AFM) to investigate the surface morphology of polycaprolactone-
b-polydimethylsiloxane-b-polycaprolactone block copolymers. They reported that crystal 
spherulite structures could be very clearly observed using the AFM phase images of the 
surface. Although the surface morphology of polybutyleneadipate (PBA) aliphatic 
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homopolyester has been studied using POM19 and AFM,20 as recently reported in literature, 
to date no reports of a systematic investigation of the morphology of PDMS-PES copolymers 
with either cycloaliphatic or aliphatic polyester segments have been found. A study of a 
systematic series of these copolymers will contribute to an understanding of the 
interrelationship between the phase separation and crystallization of the polyester segments.  
The aim of the research described in this chapter is, therefore, to systematically investigate 
the surface and bulk morphology of two series of PDMS-PES segmented copolymers: 
polydimethylsiloxane-polybutyleneadipate (PDMS-s-PBA) and polydimethylsiloxane-
polybutylenecyclohexanedicarboxylate (PDMS-s-PBCH) segmented copolymers. This will 
allow for a study of the effect of an aliphatic and cycloaliphatic polyester segment on the 
copolymer morphology.  Thus, two series of PDMS-s-PBA and PDMS-s-PBCH copolymers 
with a constant PDMS segment length (2000 g/mol) and varying PDMS content, and the 
homopolymers PBA and PBCH, were synthesized via a transesterification reaction under 
vacuum conditions following the general procedure proposed by Kiefer and coworkers2 
(described and discussed in Chapter 2).  
The copolymers were characterized using DMA, DSC and WAXD to determine their glass 
transition temperatures (Tg), melting points (Tm) and, degree of crystallinity. The effects of 
the PDMS content and polyester type on the copolymers, surface morphology of thin films as 
well as the bulk morphology of both copolymer series were investigated using AFM and 
TEM, respectively.  
4.2 Experimental  
4.2.1 Copolymers  
Two series of copolymers, PDMS-s-PBA and PDMS-s-PBCH, were synthesized via a 
condensation reaction in the melt state. The chemical and the molar mass characteristics of 
these copolymers are determined as described in Sections 3.3.2.1 and 3.3.2.2 and summarized 
in Table 4.1. The purity of the copolymers was also confirmed by gradient elution 
chromatography (see Chapter 3).  
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Table 4.1: Chemical compositions and average molar masses of PBA and PBCH homopolymers, and 
PDMS-s-PBA and PDMS-s-PBCH copolymers, prepared using various concentrations of PDMS (2000 
g/mol)   
Sample  PDMS in feed (wt %) 
PDMS in the 
copolymera (wt %)   
Mwb 
(g/mol) 
Mnb 
(g/mol) Mw/Mn 
PBA 0 0.00 15795 8143 1.94 
B-1 5 4.57 11239 6314 1.78 
B-2 10 8.97 17700 9415 1.88 
B-3 25 21.70 18066 9819 1.84 
B-4 40 34.20 14310 8131 1.66 
B-5 60 51.10 12568 7141 1.76 
PBCH 0 0.00 27719 17171 1.66 
C-1 5 4.74 25990 16665 1.76 
C-2 10 9.20 27719 17171 1.62 
C-3 25 22.70 34502 20239 1.71 
C-4 40 35.76 32720 18568 1.70 
C-5 60 52.10 31204 16860 1.85 
a
 Measured by 1H-NMR 
b
 Measured by SEC 
4.2.2 Characterization  
4.2.2.1 Dynamic mechanical analysis (DMA)  
DMA analysis of the copolymers was carried out on a Perkin Elmer 7e using the thin-film 
extension mode. Liquid nitrogen was used to cool the samples to –150 °C. The frequency was 
1 Hz and the heating rate was 5 °C/min. The polymer samples were prepared by casting 10 wt 
% copolymer solutions in THF solvent on mica substrates. The thickness of the samples was 
about 0.5 mm. 
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4.2.2.2 Differential scanning calorimetry (DSC)  
DSC analyses of the various copolymers were carried out with a TA Instruments Q100 DSC 
system. The DSC apparatus was calibrated by measuring the melting temperature of indium 
metal according to a standard procedure. All measurements were conducted under a nitrogen 
atmosphere flow, and at a purge gas flow rate of 50 mL/min. Polymer samples of 1.0–2.0 mg 
were cooled in aluminum pans from 25 to –30 °C at a rate of 10 °C/min, held isothermally at 
–30 °C for 5 min, and then heated further at 10 °C/min. The melting curve was recorded. The 
melting temperature (Tm) was determined from the obtained curve, and the area under the 
crystalline melting peak (∆Hm) was estimated. The ∆Hm is related to the degree of 
crystallinity.  
4.2.2.3 Wide-angle X-ray diffraction (WAXD)  
WAXD was performed at iThemba LABS (South Africa) on a Bruker AXS D8 ADVANCE 
diffractometer at room temperature, with filtered CuKα radiation, using a LynxEye position 
sensitive detector. All samples were scanned at diffraction angles (2θ), ranging from 5o to 
50o, with a step size of 0.02°. The samples were prepared by casting films of 10 wt % 
copolymer solutions in THF on mica substrates to form thin films with a thickness of about 
0.5 mm. From the WAXS data, the percentage of crystallinity was calculated by peak 
deconvolution and subsequent determination of the relative areas under the amorphous halo 
and the crystalline peaks of the X-ray diffraction scan. The ratio of the area under the 
crystalline peaks (Ic) to the total (amorphous + crystalline) area (Itot) gave the degree of 
crystallinity (ωm). 
4.2.2.4 Atomic force microscopy (AFM)  
AFM images were obtained on a multimode AFM model no. MMAFMLN, with a Nanoscope 
IIIa controller from Veeco, operating in non-contact mode, and using a low resonance 
frequency silicon cantilever with a resonance frequency of about 60 kHz and a spring 
constant of  k = 50 N/m. The substrate containing the polymer samples was attached to the 
sample holder with double-sided adhesive tape. All experiments were carried out under 
ambient conditions. The scan rate was set in the range of 0.5 to 0.7 Hz. Topography and 
phase images were captured simultaneously for the tapping mode.  
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All AFM images were enhanced in the Veeco imaging software program and subjected to a 
plane fitting and flattening procedure, which eliminates the image bow resulting from non-
linear scanner movement. Additionally, digital filtering was carried out to remove noise and 
clarify the structures present in the image. Since the filtering is a very sensitive process that 
can generate unreal features or remove existing features, the filtering was kept to a minimum. 
Only noise and image artifacts were eliminated. The typical sequence of digital filtering 
applied was: auto-flattening, planefit, and lowpass filtering.  Auto-flattening eliminates the 
image bow by calculating a least square fitted, second-order polynom for each scan line, and 
subtracting it from the scan line. The planefit removes the effect of a skew sample by 
calculating a best, second-order polynomial planefit and subtracting it from the image. 
Lowpass filtering is used to remove high frequency noise, such as spikes, by replacing each 
data point in the image with a weighted average of the points in a 3 x 3 matrix surrounding 
the point.  
AFM samples were prepared as ultra-thin films by the solution casting method on mica 
wafers (1 x 1 cm2). One drop of 0.5 wt % copolymer in THF was placed on the mica plate 
and then covered with another mica plate to spread the solution between the two mica plates. 
The two mica plates were slid against each other in opposite directions to form an ultra-thin 
film of 10 to 5 µm. The films were dried at room temperature for 24 h.  
The pulsed-force mode of the AFM21 was used to measure the surface energy by measuring 
the adhesive force between the AFM tip and the copolymer surfaces. In this case the AFM 
was operated in contact mode, and at the same time a sinusoidal modulation was applied to 
its Z-piezo. Each image was recorded for a scan size of 2 x 2 µm2. The same tip was used to 
measure all the adhesive forces in order to avoid inconsistencies due to a variation in tip radii 
or spring constants. The adhesive force (F) was calculated using the following equation:  
F = V x k x S           [Eq 4.1]  
where V is the average voltage value from the adhesion images, k is the spring constant (= 
2.8 N/m) of the cantilever and S (= 500 nm/V) is the sensitivity of the photodiode. The 
adhesive force was determined as an average of five adhesion images; each image of these 
images consists of 256 x 256 single measurements in the observed areas, and all the 
measurements were carried out under the same conditions. 
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The surface roughness was measured from the topography images associated with the 
adhesion images in the pulsed force mode. The mean roughness (Ra) is the arithmetic 
average of the surface height deviation from the mean plane.22 Ra was calculated according 
to the following equation: 
Ra = 1/n (
=
n
i
Zi
1
|| )             [Eq 4.2] 
The surface roughness of the copolymers was measured as an average of five values taken at 
different places on the surface of each segmented copolymer, over an area of 2 x 2 µm2. 
4.2.2.5 Transmission electron microscopy (TEM)  
TEM experiments were performed on the ultra-thin films of PDMS-PES copolymers using a 
JEOL 200 CX instrument (University of Cape Town).  The copolymer films were prepared, 
using a solvent casting technique, from 10 wt % copolymer in THF, followed by cryo ultra-
microtoming of very thin slices, cut at –100 °C to a thickness of about 40–60 nm.  
4.3 Results and discussion  
4.3.1 Copolymer characterization 
Multicomponent PDMS-PES copolymers are expected to show a multiphase structure of a 
soft amorphous phase of PDMS and relatively less soft phase of polyester, in addition to the 
PES crystalline hard phase. DMA was used to determine the Tg values of both amorphous 
phases. Table 4.2 shows the Tg values of the PDMS-PES copolymers with different PDMS 
content. Two glass transition temperatures were observed for all the copolymers. The fact 
that the Tg values of the PBA and PBCH homopolymers are –50 °C23 and 15 °C,2 
respectively, and the Tg value of the PDMS homopolymer is –123 °C,17 suggests that the 
higher Tg (TgH) in the copolymer is due to the PES segments and the lower Tg (TgL) due to 
the PDMS  segment. In the PDMS-s-PBCH series a secondary transition was observed at 
about –50 °C. This was very clear for copolymers with a low PDMS content. A secondary 
transition was also observed for the PBCH homopolymers. This transition is related to the 
polyester segment, as reported by Kiefer and coworkers.2 The presence of two Tg values 
implies a segregated morphology on the micro or nano-scale. The low Tg values of the 
PDMS-PES copolymers (except for B-1 and C-1, Table 4.2) remained more or less constant. 
The independence of the Tg values indicated that the PDMS-PES copolymers exhibited a 
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high degree of phase separation. The nature of the phase separated morphology was 
investigated further using TEM and AFM.  
Table 4.2: Glass transition temperature (Tg), melting temperature (Tm) and the degree of crystallinity of 
PBA and PBCH hompolymers, and PDMS-s-PBA and  PDMS-s-PBCH copolymers, with different 
polyester content 
Sample  Polyester (wt %) 
TgLa     
(°C) 
TgHb         
(°C) 
Tm               
(°C) 
∆Hm 
(J/g) 
∆HmPES 
(J/g) 
Crystallinity 
ωm
c     (%) 
Crystallinity 
ωmPES (%) 
PBA 100.00 - –66 58.1 53.4 53.4 43.6 43.6 
B-1 95.43 - –68 57.7 50.4 52.8 39.5 41.4 
B-2 91.03 –118 –73 56.7 43.2 47.5 35.8 39.3 
B-3 78.30 –119 –73 55.9 21.9 27.9 30.9 39.5 
B-4 65.80 –123 –79 54.7 18.8 28.6 23.9 36.3 
B-5 48.90 –123 –82 54.2 4.5 9.2 16.2 33.1 
PBCH 100.00 - 15 67.7 79.1 79.1 31.4 31.4 
C-1 95.26 –94 12 62.2 42.3 44.4 23.4 24.6 
C-2 90.80 –115 5 61.1 28.4 31.3 16.4 18.0 
C-3 77.30 –118 –5 60.9 15.1 19.5 14.1 18.2 
C-4 64.24 –123 –3 57.2 12.2 18.9 9.6 14.9 
C-5 47.90 –121 –7 55.7 1.5 3.1 6.1 12.7 
a
 The lowest glass transition temperature measured from the tan δ curve  
b
 The highest glass transition temperature measured from the tan δ curve  
c
 The degree of crystallinity measured from WAXD data 
Table 4.2 also shows the results of the DSC analyses of both copolymer series. Analyses 
were carried out in order to determine the effect of the PDMS content on the melting 
temperature and the degree of crystallinity in the samples. The degree of crystallinity is 
related to the enthalpy of melting (∆Hm), which is determined from the area under the melt 
peak in the DSC thermogram. Table 4.2 shows that the polymer crystallinity decreases with 
an increase in the weight fraction of PDMS in the copolymer. Similar results were obtained 
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for the melting point. The enthalpy of melting based on the polyester content (∆HmPES) was 
calculated using the weight fraction of the polyester in the copolymers and the enthalpies of 
melting (∆Hm). The results are included in Table 4.2. It is clear that for both series of 
copolymers the crystallizability of the polyester decreased as the PDMS content increased.  
WAXD analysis was also used to determine the actual crystallinity degree, and to provide 
more information about the changes in the copolymer crystal regions and in the crystallinity 
types. These results are illustrated in Figure 4.1 and summarized in Table 4.2. 
Figure 4.1 shows the WAXD spectra for the PDMS and homopolymers of the polyesters as 
well as for the PDMS-s-PBA and PDMS-s-PBCH copolymers series. Copolymer samples 
with a PDMS content of more than 10% showed a characteristic amorphous halo (small 
shoulder) at 2θ = 12.5°. This is related to the PDMS amorphous region. It is clearly observed 
for the PDMS homopolymer in Figure 4.1(b) and the insert in Figure 4.1(a). The position of 
this halo does not change in the copolymers, confirming the formation of relatively pure 
PDMS micro-domains. This phenomenon has been reported for other PDMS copolymers 
such as PDMS–polyurethane segmented copolymers.24 
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Figure 4.1: WAXD profiles of (a) PDMS and PBA homopolymers and PDMS-s-PBA copolymers with 
different PDMS content, including magnification of the region from 2θ = 6° to 18°, and (b) PDMS and 
PBCH homopolymers and PDMS-s-PBCH copolymers with different PDMS content. 
Figure 4.1(a) shows that the WAXD spectra of PBA and the PDMS-s-PBA copolymers have 
very sharp peaks at 21.8, 24.5 and 30.3°. On the other hand, no very sharp peaks were 
observed in Figure 4.1(b) for PBCH and the PDMS-s-PBCH copolymers, at 15.3, 18.2, 20.5, 
22.1 and 28.6°. The fact that the same peaks were observed within each series indicates that 
the polyester segments have more or less the same crystalline structure in the homopolymers 
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as in the respective copolymers. The decrease in intensity of crystallinity peaks as the PDMS 
content increases indicates that the total degree of crystallinity decreases for the copolymers. 
The percentage crystallinity (ωm) was calculated by peak deconvolution, and the subsequent 
ratio of the area under the crystalline peaks (Ic) to the total (amorphous + crystalline) area 
(Itot) gave the degree of crystallinity (ωm), according to the following equation:  
ωm(%) = (Ic /Itot ) x 100              [Eq 4.3] 
Results of calculations from the WAXD data of the thin films of the copolymers are tabulated 
in Table 4.2. There was a significant reduction in crystallinity of the copolymers as the 
PDMS content increased in both copolymer series. This is similar to what was revealed by 
the DSC data. The degree of the crystallinity based on the polyester content (ωmPES) was 
calculated using the degree of crystallinity (ωm) and the polyester weight fraction. The 
obtained values are tabulated in Table 4.2. It is clear from the ωmPES values that there was a 
decrease in crystallinity of the polyester segments from 43.60% for PBA to 33.12% for the B-
5 copolymer and from 31.40% for PBCH to 12.73% for the C-5 copolymer. In all cases, for 
the copolymers with similar PDMS content, the PDMS-s-PBCH copolymer series showed a 
greater decrease in polyester crystallinity degree relative to the PDMS-s-PBA copolymer 
series. The PDMS content, therefore, has a greater influence on the polyester crystallinity in 
the cycloaliphatic series compared to the aliphatic series. This may be attributed to one of the 
following reasons, or a combination of both. First the low Tg (–66 °C) of the PBA segment 
allows more PBA segments to arrange in the crystalline phase than the higher Tg PBCH 
segment (15 °C). This large difference in chain mobility can result in decreased PBCH 
segment crystallinity. Second, the large difference in polarity (calculated using the group 
contributions method)25 between the PDMS segment (7.34 (cal/cm)1/2) and the PBA segment 
(8.84 (cal/cm)1/2), compared with the PBCH segment (7.94 (cal/cm)1/2), could, during the 
copolymerization, lead to a broader PBCH segment distribution in the copolymer chains and 
therefore a higher degree of mixing in the PDMS-s-PBCH copolymers series than that in the 
PDMS-s-PBA copolymers series. 
4.3.2 Microscopic surface morphology of the copolymers  
The surfaces of thin films of the homopolymers and the segmented copolymers (prepared by 
the casting method) were imaged via tapping mode AFM at ambient temperature. The 
resulting topography, or height images and phase images, are shown in Figures 4.2–4.4 and 
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Figures 4.6–4.7. For the sake of the simplicity of discussion, the starting PDMS content is 
used in the text and, the actual copolymer content is given in Table 4.1. Figure 4.2 shows the 
topography (left images) and phase images (right images) for the PBA (a, b) and PBCH (c, d) 
homopolymers (notice the scale in the AFM images are chosen to best represent to the 
observed morphology).  
a)    b)  
c)    d)   
Figure 4.2: Topography and phase AFM images of thin films of polyester homopolymers: (a and b) 
aliphatic polyester (PBA) and (c and d) cycloaliphatic polyester (PBCH). 
Both polymers show clear semicrystalline spherulitic morphology. Although it is possible to 
distinguish the spherulitic structures from the height images, it is clear that the phase images 
provide more detailed information about the spherulitic crystal structure than the height 
images. This is especially true in the case of the PBCH homopolymer. The height images 
obtained using the tapping mode are not 100% reliable for copolymers with different 
segments or blocks because the relative contrast of the different blocks depends sensitively 
on the driving frequency in the height images, which does not exist in the phase images.26, 27 
However, the information obtained from the phase images complements the information 
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obtained from the height images. Most of the discussion will therefore focus on the phase 
images. Similar types of spherulitic crystal structure to those observed in this study for the 
PBA homopolymer have been reported by Frömsdorf et al..20 
The surface morphologies of the PDMS-s-PBA and PDMS-s-PBCH copolymers with 5 wt % 
PDMS content are shown in Figure 4.3.  
a)    b)  
c)    d)  
Figure 4.3: Topography and phase AFM images of thin films of polydimethysiloxane–polyester 
copolymers with 5 wt % PDMS (Mn PDMS segment 2000): (a and b) PDMS-s-PBA and (c and d) PDMS-
s-PBCH. 
The AFM phase images show well-defined spherulitic crystal morphology for both the 
PDMS-s-PBA (B-1) and the PDMS-s-PBCH (C-1) copolymers. These spherulites seem to 
grow from primary nuclei and then develop as globular aggregates. The size of the 
spherulites is relatively large: the diameters of the spherulites for both copolymers are in the 
range 20–30 µm. This variation in the spherulites size (or diameter) and the particular 
curvature of the frontier between neighbouring spherulites indicates that the spherulites are 
not nucleated simultaneously.28 The appearance of the spherulite crystal structure for these 
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copolymers is probably due to a low PDMS content. The longer polyester segments in the 
copolymers allow the chain to fold, forming a lamella crystal structure. A similar type of 
morphology to that observed for PDMS-PES copolymers in this study has been reported by 
Miroslawa for polydimethylsiloxane–polybutyleneterephthalate segmented copolymers, using 
POM.3 
Figure 4.4 shows the AFM phase images obtained for the homopolymer and the copolymer 
surfaces using a high AFM resolution or higher magnification. This figure shows that the 
spherulites comprise close-packed lamellae. The slight variation in the brightness of bright 
region (polyester phase) can be attributed either to the changes in the height of the lamellae or 
due to the presence of both crystalline and amorphous areas in the spherulitic crystal 
structure. By comparing the lamellae arrangement and thickness for PBA and PBCH (Figures 
4.4(a) and (c), respectively) one can see that PBCH has a larger lamella thickness than PBA. 
This difference in the lamella thickness is believed to be kinetically selected as a result of the 
differences between the PBA and the PBCH polyesters in terms of the crystallization rate, 
state of entanglement, molar masses and the interfacial energy. 
In the case of the PDMS-s-PBA and PDMS-s-PBCH copolymers small spherical domains 
were detected in-between the lamellae inside the spherulitic crystal structure, as shown in 
Figure 4.4(b) and (d). The average size or diameter of these domains is approximately 25 ± 5 
nm for PDMS-s-PBA copolymers and 30 ± 5 nm for PDMS-s-PBCH copolymers. On the 
other hand, in Figure 4.4(a) and (c) no domains are seen for PBA and PBCH homopolymers. 
Therefore, it is believed that these domains in the copolymer are PDMS segments segregated 
to form PDMS domains or islands (dark spots in the phase images) in the polyester matrix 
(the bright region in the phase images). In literature, two different theories have been 
suggested to interpret phase images in terms of sample properties. The first27-30 relates the 
contrast of the phase images to surface stiffness and the second31-33 relates the contrast of the 
phase images to the energy dissipation at the AFM tip and the sample surface interface. 
However, both of these theories agree that different components in a heterogeneous material 
or system, such as PDMS-PES copolymer systems, can be distinguished from the phase 
images. PDMS and polyester are different both chemically and mechanically, and a 
combination of both these types of differences leads to variations between the PDMS regions 
and polyester regions in terms of the elasticity or viscoelasticity properties, as well as in the 
energy dissipation between the sample surface and the AFM tip interface.  
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a)    b)   
 c)     d)   
Figure 4.4: AFM phase images of higher resolution of thin films of polyester homopolymers and 
polydimethysiloxane–polyester copolymers with 5 wt % PDMS: (a) PBA, (b) PDMS-s-PBA copoylmer, (c) 
PBCH and (d) PDMS-s-PBCH copolymer. 
Figure 4.5 is a schematic illustration demonstrating how the PDMS domains form between 
the lamellae structures in the PDMS-PES copolymers. The fact that spherulites as well as 
small amounts of spherical domains were observed in these copolymers suggests that liquid–
liquid demixing had occurred, where the major part of the phase-separated PDMS segments 
seem to be present as spheres in-between the crystalline phases of the polyester. 
Figure 4.6 shows AFM images of the 10 wt % PDMS content PDMS-PES copolymers. A 
slightly different morphology to the 5 wt % PDMS content copolymer morphology was 
observed for these higher content copolymers (B-2 and C-2). Firstly, in the case of the 
PDMS-s-PBA copolymers (Figure 4.6(a)), the dominant type of surface morphology is a 
spherulitic crystal structure. Once again, spheres of PDMS domains appear in the phase 
images.  
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Figure 4.5: Schematic illustration of the PDMS segregations in-between the lamellae arrangements in the 
polydimethysiloxane–polyester copolymers. 
a)    
 b)    
Figure 4.6: Topography and phase AFM images of thin films of polydimethysiloxane–polyester 
copolymers with 10% PDMS (Mn PDMS segment 2000): (a and b) PDMS-s-PBA and (c and d) PDMS-s-
PBCH. 
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However, the PDMS domains appear larger and concentrated around (or more noticeable 
around) the boundaries of the spherulites. In the case of the 10 wt % PDMS content PDMS-s-
PBCH copolymer (Figure 4.6(b)) spheres of the PDMS domains are also observed in the 
AFM phase images, but no spherulitic crystal structures are observed, even in AFM images 
of smaller magnification (larger images size 50 µm x 50 µm). In this case the diameters of the 
PDMS spheres are greater than 50 nm, which is about twice as large as the diameter 
measured for the 5 wt % PDMS in PDMS-s-PBCH copolymers series. This might be due to 
the increase in PDMS content, which leads to shorter polyester segments and the 
incorporation of more PDMS segments in the copolymer chain. There is also the possibility 
that a very small percentage of short polyester segments may be trapped inside the PDMS 
domains. The absence of an observable crystal structure on the surface of the PDMS-s-PBCH 
copolymer is also reflected by the dramatic decrease (13.34% decrease) in the polyester 
crystallinity (ωmPES) in the copolymer relative to that for the PDMS-s-PBA copolymer with a 
10 wt % PDMS content (4.28% decrease). 
Attempt of observing the PDMS domains between the spherulitic crystal structures for 
sample C-2, using the HCl vapour treatment, is described in Appendix B, Section B.2.4. The 
C-2 copolymer morphology was further investigated (on fractions of the copolymer), to 
determine whether it is possible to observe the same type of crystal structure as that seen for 
PDMS-s-PBA copolymer. This is performed using a new hyphenated HPLC-LC-transform-
AFM technique, which is described in Chapter 7. 
When the PDMS contents increased to 25 wt % (Figure 4.7), no spherulites are detected by 
AFM on the surface for either type of copolymer. This is most probably due to the presence 
of relatively smaller amounts of crystallinity in these copolymers, as detected by DSC and 
WAXD, and the decreased probability of the formation of crystals at the interface. In the 
bright phase very bright areas can be distinguished. This bright spots can be either the result 
of the height effect or an evidence of PBCH crystalline domains in C-3 copolymers. This 
phenomenon will be discussed further in Chapter 7. The PDMS domains on the surface of 
both B-3 and C-3 copolymers increase in number as well as in size. The average diameter of 
the PDMS domains in the PDMS-s-PBA copolymers (B-3) (Figure 4.7(a)) is more than 70 ± 
10 nm and in the PDMS-s-PBCH copolymers (C-3) (Figure 4.7(b)) more than 60 ± 10 nm. 
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a)   b)    
c)   d)  
  e)   f)  
Figure 4.7: AFM phase images of thin films of PDMS-s-PBA and PDMS-s-PBCH copolymers with 25 wt 
% (a and b), 40 wt % (c and d) and 60 wt % (e and f) PDMS content, respectively. 
As the concentration of the PDMS increases to 40 wt % (B-4 and C-4) (Figure 4.7(c) and 
(d)), the spherical PDMS domains start connecting with each other and a bicontinuous double 
diamond type of morphology appears on the surface. Upon a further increase in PDMS 
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content to 60 wt % (B-5 and C-5) (Figure 4.7(e) and (f)) this type of morphology changes to 
spheres of polyester surrounded by rubbery phases of PDMS.  
The results of the WAXD, DSC and AFM analyses show that the crystallization of the 
polyester segments in the PDMS-PES copolymers is commonly affected by the PDMS 
component. A high PDMS content has a stronger inhibition effect on the crystallization of the 
polyester component for the PDMS-s-PBCH copolymers series than for the PDMS-s-PBA 
copolymers series. The inhibition of the crystallization of the polyester segment makes the 
observation of the crystallization at the surface increasingly difficult upon increasing PDMS 
content. This factor, combined with the strong preferential surface segregation of the PDMS 
components, means that no crystal morphology is observed via AFM in the higher content 
PDMS copolymers (above a 10 wt % PDMS content). In the case of the cycloaliphatic series 
no crystal morphology is observed for copolymers above a 5 wt % PDMS content due to the 
greater inhibition of crystallization by the PDMS in this series.  
The high-content PDMS copolymers showed spherical domains of the PDMS phase 
embedded in a matrix of the polyester phase. This type of morphology changes from 
spherical domains to bicontinuous double diamond to a PDMS dominant phase. Unlike in the 
lower content PDMS copolymers, there was no indication of PDMS domains between the 
crystal structure, and any crystallinity in the high-content PDMS copolymers was confined 
within the spherical microdomains of the polyester that are prescribed by microphase 
separation. A similar observation has been reported for other block copolymers such as 
poly(ethylene)-b-poly(styrene-r-ethylene-r-butene) by Loo et al..29 
4.3.3 Microscopic bulk morphology of the copolymers  
TEM images, illustrated in Figures 4.8 and 4.9, clearly show that all the 
polydimethylsiloxane–polyester copolymers had distinct microphase separation (notice the 
scale in the TEM images are chosen to best represent to the observed morphology). This 
supports the results of the Tg measurements that were obtained by DMA. Figure 4.8 shows 
TEM micrographs of a cross-section of the PDMS-s-PBA and PDMS-s-PBCH copolymers 
with different PDMS contents. One can distinguish dark areas, which are related to the 
PDMS phase, due to its higher electron density relative to the polyester. Thus, the polyester 
homopolymer is essentially featureless. At 5 wt % PDMS content (Figure 4.8(a) and (b)) very 
fine microphase domains in spherical shapes are observed for both types of copolymers. 
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These spheres are believed to be due to the segregation of PDMS segments. A similar type of 
morphology was detected for the 10 wt % PDMS content copolymers (Figure 4.8(c) and (d)). 
The TEM micrograph of a 5 wt % PDMS content copolymer suggests that the sub-micron 
domains do not seem to be homogenously distributed (see the ovals in Figure 4.8(a) and (b)), 
when compared with the TEM micrograph of a 10 wt % PDMS content segmented 
copolymer. In the case of the 5 wt % PDMS content copolymers this could be as a result of 
the PDMS segregating between or around the lamella crystal structure, as has been shown for 
the thin film surfaces of the PDMS-s-PBA and PDMS-s-PBCH copolymers in Figure 4.4(b) 
and (d). In contrast to the 5 wt % PDMS content copolymers, the PDMS domains in the 10 wt 
% PDMS content copolymers appear to be more evenly distributed in the polyester matrix. 
This is due to the lower degree of crystallinity in these copolymers compared with that for the 
5 wt % PDMS content copolymers. Similar results of microdomain phase separation have 
been reported by Van der Schuur et al. for poly(propyleneoxide) based polyether(ester-
amide)s with non-crystallisable amide segments.30  
The bulk morphology of the PDMS-s-PBA copolymer series was similar to the PDMS-s-
PBCH copolymer series, as shown by TEM. However, the average size of the PDMS 
domains of copolymer B-1 (Figure 4.8(a)) is 10 ± 3 nm, which is smaller than that of 
copolymer B-1 (approximately 25 ± 5 nm, Figure 4.8(b)). This could be because less PDMS 
was incorporated into the B-1 copolymer, and hence fewer PDMS segments segregated to 
each other, forming smaller spherical PDMS domains (compared to the C-1 copolymer). On 
the other hand, in the case of the B-2 copolymer (Figure 4.8(c)) the average diameter of the 
PDMS domains was 200 ± 50 nm. This value is much larger than that of the C-2 copolymers 
(40 ± 10 nm, Figure 4.8(d)), even though the actual PDMS content for B-2 copolymer (8.97 
wt %) was less than that for the C-2 copolymer (9.20 wt %). This suggests that decreasing the 
polarity of the polyester phase (an aliphatic polyester has higher polarity than a cycloaliphatic 
polyester) favours the more discrete microdomain structure (PDMS segregations), with a 
higher surface to volume ratio. 
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a)   b)   
 c)   d)   
Figure 4.8: TEM micrographs of polydimethysiloxane–polyester copolymers: (a and c) PDMS-s-PBCH 5 
wt % and 10 wt % PDMS content, respectivly, and (b and d) PDMS-s-PBA 5 wt % and 10 wt % PDMS 
content, respectivly. 
The average diameter of the nano-spherical domain of the 5 wt % PDMS content copolymers, 
as measured from the TEM images, is smaller than that measured from AFM images on the 
thin film surfaces. This may be due to one or all of the following three reasons. First, when 
measuring very small objects using the AFM, the actual size of the AFM tip cannot be 
neglected; the measured profile is in fact a convolution of the actual profile and the tip shape. 
However, correction procedures have been developed that can be applied.31 Second, 
flattening can occur,32 especially when the surface consists of soft material such as PDMS 
segments. This problem can be minimized by using the tapping mode of AFM. The third 
reason arises from the affinity of the PDMS segments to diffuse to the copolymer surface.33 
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The PDMS at the surface is expected to have a substantially higher concentration than the 
overall bulk concentration, which might lead to the formation of larger microdomains of the 
PDMS on the surface than in the bulk.  
The difference in the samples preparation conditions for the AFM and TEM analyses was 
expected to lead to significantly different bulk and surface morphologies, where samples of 
higher polymer concentrations were used for TEM analysis. In addition, the PDMS 
component will segregate on the copolymer surface. This has been reported for various 
copolymers with one PDMS segment or block.34,35 Surprisingly, however, there was a high 
degree of similarity in the type of morphology of the copolymers determined by AFM and 
TEM. This might be a result of using very thin films for the copolymers in the surface 
analyses.  
As the PDMS content in the PDMS-s-PBA and PDMS-s-PBCH copolymers increased, a 
different bulk morphology started to form: in the 25 wt % PDMS content copolymers the 
PDMS spheres started connecting to each other (Figure 4.9(a) and (b)). This indicates that the 
copolymer morphology or the type of microphase separation is dependent on the PDMS 
content. This is clearly seen when the spheres completely disappear in the 40 wt % PDMS 
content copolymers and the morphology changes to bicontinuous or co-continuous phases, as 
can be seen in Figure 4.9(c) and (d). In this micrograph the PDMS phase and polyester phase 
are both represented as being continuous and interpenetrating. This requires a sufficient 
amount of hard segments (about 60 wt % polyester). Any crystallinity in the copolymer 
would be limited to the polyester domains.  
In the 60 wt % PDMS content copolymers (Figure 4.9(e) and (f)) the PDMS phase forms the 
dominant phase and the polyester segments segregate to form spheres. As expected, the size 
of these spheres varies, as a result of the copolymer synthesis method, where the polyester 
segments have various lengths and are randomly distributed in the copolymers. DSC results 
showed that the 60 wt % PDMS content copolymers had a very low percentage of 
crystallinity, and that is confined within the spherical domains.  
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a)   b)  
c)   d)  
e)    f)  
Figure 4.9: TEM micrographs of polydimethysiloxane–polyester copolymers: (a, c and e) PDMS-s-PBCH 
25, 40 and 60 wt % PDMS content, respectivly, and (b, d and f) PDMS-s-PBA 25, 40 and 60 wt % PDMS 
content, respectivly. 
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4.3.4 Adhesive force and surface roughness measurements  
PDMS has a very low surface energy, and hence microphase-separated PDMS-s-PES 
copolymers are expected to have a low surface energy due to the PDMS surface segregation. 
The surface energy (adhesive force) of these copolymers was measured using digital pulsed-
force mode AFM (DPFM-AFM). The average of the adhesive force was calculated and 
plotted against the PDMS content, as shown in Figure 4.10. Several adhesive force images 
are included to illustrate the clear difference between the two series. 
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Figure 4.10: Adhesive force measurements for (a) PDMS-s-PBA and (b) PDMS-s-PBCH copolymers. 
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This figure shows that as the PDMS content increases so the adhesive force decreases in both 
copolymers. For the lowest PDMS content samples (B-1) and (C-2), significant changes in 
the adhesive force of more than a 15% decrease are seen, whereas there are only small 
changes in the high PDMS content samples (B-3, B-4 and B-5) and (C-3, C-4 and C-5). 
Additionally, minimization of the adhesive force in both series is a result of an enrichment of 
the surface with PDMS segment. This was also observed from the AFM phase images. This 
result is consistent with results reported in literature for other PDMS copolymers.33-36  
The large standard deviation in both copolymers series refers to the diversity in the surface 
composition or in the functional groups on the surface (such as CH3, CH2, C=O and OH), 
which might be used as an indication that no complete monolayer of PDMS was formed on 
the copolymer surface. This confirms results obtained for perfectly alternating copolymers 
with bis-A sulphone, aromatic ester, urea and imide structures.37 The authors reported that a 
PDMS with Mn of between 6800 and 12000 g/mol was required to form a complete siloxane 
monolayer.37 
Figure 4.11 shows the influence of varying the PDMS content on the surface roughness of the 
PDMS-s-PBA and PDMS-s-PBCH copolymers. The surface roughness values for B, B-1, B-
2, C and C-1 are quite large, which might be due to the spherulitic crystal structure in these 
polymers.  
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Figure 4.11: Surface roughness measurements for (a) PDMS-s-PBA and (b) PDMS-s-PBCH copolymers. 
However, in the other copolymers the surface roughness values increase with increasing 
PDMS content. This could be related to an increase in the phase separation on the surface as 
the PDMS content increases, where the PDMS segments or domains form islands on the 
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surface, and the size and the height of these islands increase as the PDMS concentration on 
the surface of the copolymers increases. Because the surface composition of these 
copolymers seems to depend on PDMS content and polyester type, the spherulitic crystal 
morphology changed to a spherical PDMS microdomain morphology when PDMS increases 
to a specific degree (in the case of PDMS-s-PBA 25 wt % and in the case of PDMS-s-PBCH 
to 10 wt %). This change in the surface morphology affects the adhesive force, as well as the 
surface roughness. The relationship between the segmented copolymer composition and 
surface roughness, shown in Figure 4.11, shows a non-linear relationship between the 
average surface roughness and the weight percent of PDMS content.  
4.4 Conclusions  
The morphology of two series of hybrid PDMS-s-PBA and PDMS-s-PBCH copolymers were 
investigated. A significant reduction in crystallinity of the copolymers in both copolymer 
series was observed as the PDMS content increased, as determined by WAXD and DSC. 
Moreover, the effect of the PDMS on the crystallinity degree was greater in the PDMS-s-
PBCH copolymers series than in the PDMS-s-PBA copolymers series. This was attributed to 
either the higher chain mobility of the PBA segment compared to the PBCH segment or to 
the large difference in the polarity between the PDMS segment and the PBA segment, when 
compared with the PBCH segment, which led to a higher degree of mixing in the PDMS-s-
PBCH copolymers series than that in the PDMS-s-PBA copolymers series.   
An investigation of the microscopic surface morphology of the copolymers, using AFM, 
showed that the PBA and PBCH homopolymers exhibited spherulite morphology. Both the 
PDMS-s-PBA and PDMS-s-PBCH copolymers with a 5 wt % PDMS content showed 
spherulite morphology despite the ability of PDMS segments to segregate at the surface. The 
PDMS domains were observed between the lamella crystal structures on the surface of these 
copolymers. This leads to a heterogeneous distribution of the PDMS domain within the 
polyester matrix. As the content of PDMS increased to 10 wt %, the PDMS nano-domain 
distribution became more homogeneous for both copolymer series. In the case of the PDMS-
s-PBA copolymer, however, the PDMS domains were clearly observed around the 
boundaries of the spherulites. The PDMS-s-PBCH copolymers showed clear microphase 
separation, in which the PDMS formed spherical domains in a matrix of PBCH and, in 
contrast to PDMS-s-PBA, no spherulites crystal structure was observed for PDMS-s-PBCH 
copolymers in AFM images. In the PDMS-s-PBA and PDMS-s-PBCH copolymers with 10 
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wt % PDMS content the diameters of the PDMS spheres were larger than the diameters 
measured for PDMS-s-PBA and PDMS-s-PBCH copolymers with 5 wt % PDMS content. 
This was attributed to the increase in PDMS content and consequent increase in the PDMS 
segment lengths.  
AFM images also showed that in both types of polyester copolymers the copolymer surface 
morphology or the type of microphase separation is dependent on the PDMS content: when 
the PDMS content increased to 40 wt % the PDMS spheres completely disappeared and the 
morphology changed to a bicontinuous or co-continuous morphology. As the PDMS content 
increased above 50 wt % the PDMS phase formed the dominant phase and the polyester 
segments segregated to form spheres. The phase separation in segmented copolymers with 
random polyester segment length, and for low PDMS content, probably occurs by liquid–
liquid demixing in combination with crystallization. The PDMS segments were able to 
segregate in between the lamella structure without destroying the spherulitic structure.  This 
only occurs in the case of the low content PDMS copolymers. On the other hand, the high 
PDMS contents copolymers showed that crystallization was confined mainly within 
spherical, nano-scale domains in the bulk of the sample. 
Furthermore, TEM results confirmed the multiphase bulk morphology that was detected by 
DMA and AFM for both copolymers series. Three types of morphologies were observed. 
Copolymers with a 5 wt % PDMS content showed heterogeneously distributed spherical 
microdomains of PDMS in a matrix of polyester.  As the content of the PDMS increased to 
10% the PDMS domain distribution became more homogeneous. At a PDMS content of 40 
wt %, a bicontinuous double diamond type of morphology was observed in the TEM images, 
and when the PDMS content increased to 60 wt %, spherical microdomains of polyester in a 
matrix of PDMS was observed for both copolymers.  
The adhesive force measurements were correlated to the PDMS content and the surfaces of 
the PDMS-s-PES copolymers showed very low surface energy. The relationship between the 
segmented copolymer composition and surface roughness generally increases with increasing 
the PDMS content, and it shows a non-linear relationship with the weight percent of PDMS 
content.  
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Abstract  
The morphology of two series of semicrystalline polydimethylsiloxane–
polybutylenecyclohexanedicarboxylate copolymers, segmented (PDMS-s-PBCH) and 
randomly branched (PDMS-br-PBCH), with relatively low PDMS content (10 wt %), was 
characterized via indirect methods and via direct observation (microscopic investigations). 
The indirect methods was achieved using DMA, DSC and WAXD techniques, to determine 
the glass transition temperatures (Tg) values, melting point (Tm), and degree of crystallinity. 
The direct observation of the copolymer morphology was achieved by applying AFM and 
TEM techniques. The effects of the PDMS segment length and the branching degree on the 
copolymer morphology were investigated using both methods. DSC and WAXD results 
revealed the ability of the copolymers to crystallize to various degrees, depending on the 
PDMS segment length and the degree of branching. The segmented copolymers with a short 
PDMS length had a spherulitic morphology as detected by AFM. Because of incompatibility 
between the PDMS and PBCH segments both series showed microphase separation. This 
microphase separation was detected by the two Tg values in the DMA results and also 
visualized on the copolymer surface using AFM and in the copolymer bulk using TEM. The 
phase separation manifested in mainly two types of morphologies: spherulitic crystal 
morphology and spherical micro-domains of PDMS.  
Keywords: segmented copolymer morphology, branched copolymer morphology, AFM and 
TEM. 
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5.1 Introduction  
PDMS copolymers derive their unusual properties from the thermodynamic incompatibility 
and resultant phase separation (domain formation) of the component polymer segments. In 
many cases both domains are amorphous,1,2 but in other cases, as it was discussed in Chapter 
4, one of the components may crystallize to further enhance the mechanical properties, where 
the hard segment domains act as physical crosslinks in the system.3-7 The complex behaviour 
of the multiblock copolymers with semicrystalline components is due to the richness of 
morphology, which arises from the interplay between microphase separation and self-
organizing processes that take place as a consequence of the thermodynamic immiscibility of 
the covalently linked blocks and their crystallization.8-11   
Semicrystalline PDMS-PES copolymers are among the few amorphous–crystalline 
multiblock copolymers that crystallize above the glass transition temperature of the non-
crystallisable segment. The presence of noncrystalline segments in the semicrystalline 
copolymer enables modification of the morphology and eventually affects the copolymer’s 
properties (compared to the PDMS homopolymer’s properties).3,12 Furthermore, generally 
speaking, crystallization in homopolymers leads to an extended conformation in which the 
chain folding is kinetically controlled, whereas in the copolymer the chain folding is 
controlled by the amount or the size of the second noncrystallisable segment.12 Thus, through 
the introduction of a rubbery component such as PDMS in crystalline polyesters, changes in 
the polymer morphology, and the chemical changes results in desirable properties for such 
copolymers.  
The most obvious and direct methods that can be used for investigating the copolymer 
morphology and identifying phase separation is visual inspection, using microscopic 
instruments such as POM, SEM, TEM and AFM. Recently, Miroslawa4 reported that 
polydimethylsiloxane-polybutyleneterephthalate segmented copolymers showed 
semicrystalline morphology of spherulite using POM technique, but the details of the 
morphology were not presented. More recently Childs and coworkers13 investigated the 
surface morphology of polycarpolactone-b-polydimethylsiloxane-b-polycarpolactone 
copolymers using more advanced techniques, (e.g. AFM), and also detected semicrystalline 
spherulitic morphology. Microscopic methods are usually complemented by other analytical 
techniques, such as DSC, DMA and X-ray diffraction. Kiefer and co-workers3 studied the 
effect of different PDMS content and molar mass on several thermal and mechanical 
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properties of PDMS-PBCH copolymers. However, to the best of the author’s knowledge the 
morphology of segmented or branched PDMS-PBCH copolymers has not been systematically 
investigated. The study of these copolymers is considered a challenging task, and could 
contribute to the understanding of the interrelationship between phase separation and 
crystallization. This chapter describes a systematic morphology investigation that was carried 
out into PDMS-s-PBCH copolymers with a constant PDMS content (10 wt %), but with 
various PDMS segment lengths. The morphology of statistical or randomly branched PDMS-
br-PBCH copolymers for a PDMS segment length of 1000 g/mol and 10 wt % PDMS 
content, but with different branching degrees was also investigated.  
5.2 Experimental    
5.2.1 Copolymers  
Two series of copolymers, PDMS-s-PBCH and PDMS-br-PBCH, were synthesized via a 
condensation reaction in the melt state.3 The resulting segmented and branched copolymers 
were purified using five different solvents, as reported in Chapter 3. The copolymer 
formation and the purity of the copolymers were confirmed by GEC. The copolymer 
compositions and the average molar masses are tabulated in the Table 5.1. 
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Scheme 5.1: Chemical structures of PDMS-PBCH copolymers: (a) PDMS-s-PBCH and (b) PDMS-br-
PBCH. 
 
 
 
Chapter 5: Morphology of Multiblock PDMS-PES Copolymer: 2  
 
 
 
130 
Table 5.1: Chemical compositions and average molar masses of two series of PDMS-PBCH copolymers: 
PDMS-s-PBCH copolymer and PDMS-br-PBCH copolymer  
Sample  PDMS Mn (g/mol) 
Branching agent 
(wt %) 
PDMS in copolymer a 
(wt %) 
Mw b 
(g/mol)  
Mn b 
(g/mol) Mw/ Mn g 
c
 
D -1 1000 0 9.35 29981 15142 1.98 1.00 
D -2 2000 0 9.20 27719 17171 1.62 - 
D-3 4000 0 8.90 31712 17816 1.78 - 
D -4 7000 0 9.10 37770 16862 2.24 - 
D -5 10000 0 8.60 39915 18828 2.12 - 
F-1 1000 0.1 9.10 27208 14717 1.84 0.94 
F-2 1000 0.2 9.51 33950 14634 2.32 0.75 
F-3 1000 0.5 9.32 35147 15832 2.22 0.62 
F-4 1000 1.0 8.90 33573 16141 2.08 0.52 
F-5 1000 2.0 9.44 35632 16345 2.18 0.47 
a
 Measured by 1H-NMR 
b
 Measured by SEC 
c
 Measured by SEC-MALLS  
5.2.2 Characterization  
Details of the characterization techniques and procedures used for DMA, DSC, WAXD, 
AFM and TEM are described in Section 4.2.2.   
5.3 Results and discussion 
5.3.1 Copolymer characterization 
DMA was used to determine the Tg values of the multicomponent PDMS-PBCH copolymers. 
Table 5.2 shows the Tg values of PDMS-s-PBCH with various PDMS molar masses (series 
D) and PDMS-br-PBCH with various branching degrees (series F). Two glass transition 
temperatures were observed for all the copolymers in both series. The Tg values of the PDMS 
and PBCH homopolymers are –123 °C and 15 °C, respectively.3,14 Hence the higher Tg in the 
copolymer is due to the PBCH segment: it occurs between 3 and 12 °C for the PDMS-s-
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PBCH copolymer, and between 6 and 10 °C for the PDMS-br-PBCH copolymer. In contrast, 
the lower Tg is due to the PDMS segment; this value varies as the PDMS segment length 
changes from 1000 to 10000 g/mol in series D, but does not change much with an increase in 
the degree of branching in series F. However, a secondary transition was observed at about –
50 °C in both series, as shown in Figure 5.1. This is related to the PBCH segment, as reported 
by Kiefer and coworkers.3 Simultaneously, and for longer PDMS segments (more that 2200 
g/mol), the PDMS segment can also crystallize, and its Tm is also seen at approximately –50 
°C.15  
Table 5.2: Glass transition temperature (Tg), melting temperature (Tm) and the degree of crystallinity 
(area under the melting peak) of PDMS-s-PBCH and PDMS-br-PBCH copolymers  
Sample  Polyester (wt %) 
TgLa     
(°C) 
TgHb         
(°C) 
Tm               
(°C) 
∆Hm 
(J/g) 
∆HmPES 
(J/g) 
Crystallinity 
ωm
c (%) 
Crystallinity 
ωmPES (%) 
D-1 90.65 –111 3 66.3 37.4 41.2 28.4 31.3 
D-2 90.80 –115 7 61.1 28.4 31.2 16.4 18.0 
D-3 91.10 –120 9 55.8 30.1 33.0 16.1 17.6 
D-4 90.90 –122 11 56.4 27.4 30.1 13.1 14.4 
D-5 91.40 –123 12 54.2 26.5 28.9 12.4 13.5 
F-1 90.90 –113 10 62.2 33.3 36.6 23.5 25.9 
F-2 90.49 –115 7 58.1 29.8 32.9 22.6 24.9 
F-3 90.68 –114 8 55.9 31.1 34.2 21.3 23.3 
F-4 91.10 –115 7 57.2 24.2 26.5 17.5 20.3 
F-5 90.56 –116 6 54.3 19.5 21.5 15.5 17.1 
a
 The lowest glass transition temperature from the tan δ curve 
b
 The highest glass transition temperature from the tan δ curve 
c
 The degree of crystallinity measured from WAXD data 
The presence of two Tg values implies that each segment is segregated, to form phase 
separation (in the micro- or nano-scale). The low Tg values of most of these copolymers 
stayed more or less constant, especially those of the branched copolymers. The independence 
of the Tg of PDMS segments in copolymers D-4 and D-5 indicated that the PDMS segment in 
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the PDMS-s-PBCH copolymers has a high degree of phase separation. In contrast, the Tg of 
PDMS segments in D-1 and D-2 copolymers showed significant shift to a higher value, 
which indicated some degree of mixing for the PDMS segments in these copolymers. Slightly 
more revealing with respect to the thermal transition behaviour are the corresponding tan δ 
profiles in Figure 5.1.  
Figure 5.1(a) shows that the Tg peak of PDMS clearly occurs at about –111°C for copolymer 
D-1 (PDMS Mn 1000 g/mol). The higher Tg for D-1 compared to that of D-5 (PDMS Mn 
10000 g/mol), namely –123°C, can be explained to be a result of an increase in the number of 
restrictions imposed on the D-1 chains by the hard segments. The restrictions on the PDMS 
segment in the D-1 sample increase due to the combined effects of the higher degree of 
segmental mixing in the copolymer and the shorter average PDMS segment length of D-1. 
Furthermore, it has been reported that the Tg of aminopropyl PDMS oligomers increases with 
their decreasing molecular weight, from –123°C for samples with a molar mass higher than 
3670 g/mol to –118°C for samples with a molar mass lower than 1000 g/mol.16 This may 
contribute to the Tg shift in the copolymers with short PDMS segment length.    
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Figure 5.1: Tan δ  profile of DMA results of: (a) PBCH homopolymer (D) and PDMS-s-PBCH 
copolymers, and (b) PDMS-br-PBCH copolymers. 
In the D-1 and D-2 samples one can clearly see a broad glass transition peak (compared with 
the D-3, D-4 and D-5 samples). Such behaviour suggests the presence of a substantial amount 
of microphase mixing in the D-1 samples (as discussed above), and in the D-2 samples. This 
is not surprising in light of the fact that the ability of the D-1 copolymers to microphase 
separate is expected to be much lower than in the case of D-5 due to the lower degree of 
polymerization in the PDMS segment in the D-1 copolymer and thus a smaller χN (χ is the 
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Flory interaction parameter, which is also molar mass dependent (see Section 2.4.1)).17 
Microphase mixing would be substantial and it would be enhanced by the presence of 
methylene (-CH2-) units in the PDMS end groups (see Scheme 5.1). There is no clear effect 
of the branching degree on the PDMS Tg values of the series F comparing with D-1, as 
illustrated in Figure 5.1.   
The effect of the PDMS segment length and the branching degree on the melting temperature 
and the degree of crystallinity were investigated using DSC. The crystallinity degree is 
related to the area under the melting peak. From Table 5.2 it is clear that the area under the 
melting peak or the enthalpy of melting (the polymer crystallinity) decreases with an increase 
in the length of the PDMS segment in the copolymer (either based on the total weight of the 
copolymer (∆Hm) or based on the weight of the polyester content (∆HmPES)). Similarly the 
melting point decreases with an increase in the length of the PDMS segment in the 
copolymer. In the case of branched copolymers, it appears that the copolymer crystallinity 
degree and the melting points decrease with an increase in the branching degree in the 
copolymers. It was noticed that the melting peak of crystalline PBCH segments in both 
copolymer series is only detected in the first heating cycle using DSC. This might be due to 
the slow melt crystallization rates of these polyesters. The DSC thermograms of PBCH 
homopolymer and PDMS-s-PBCH and PDMS-br-PBCH copolymers are illustrated in Figure 
5.2.  
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Figure 5.2: DSC thermograms of: (a) PBCH homopolymer (D) and PDMS-s-PBCH copolymers, and (b) 
PDMS-br-PBCH copolymers. 
In the case of D-1, D-2, F-1 and F-2 copolymers, small shoulders appeared associated with 
the crystalline melting peaks of these copolymers in the DSC curves. These shoulders might 
be due to relaxation resulting from the amorphous PBCH segment or due to a lower long-
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range order of the microdomains. The latter has been reported to be present in semicrystalline 
block copolymers when they have not been thermally annealed at high temperatures.18 
However, the shoulders here could also be an indication of the presence of crystallites of 
different sizes and perfection, due to the irregularity of the length of the PBCH segments or 
to crystal reorganization during the heating cycle in the DSC. 
The effect of the PDMS segment length and the branching degree on the degree of 
crystallinity was also confirmed using WAXD analysis, as illustrated in Figure 5.3 and Table 
5.2. Figure 5.3 (a and b) shows the intensity and WAXD pattern for PDMS and PBCH 
homopolymers, and PDMS-s-PBCH (a) and PDMS-br-PBCH (b) copolymers. The crystalline 
reflection peaks were observed at 15.3, 18.2, 20.5, 22.1, and 28.6°. This indicates that similar 
crystalline structures were present in the PDMS-s-PBCH and PDMS-br-PBCH copolymers as 
well as in the polyester homopolymers (PBCH).  
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Figure 5.3: WAXD profiles of: (a) PBCH homopolymer (D), PDMS-s-PBCH copolymers and (b) D-1 (F) 
PDMS-s-PBCH copolymers and PDMS-br-PBCH copolymers. The profile of PDMS homopolymer is 
included in both diagrams (a and b). 
There is a small PDMS shoulder at 2θ = 12.5°, which is related to the amorphous halo of the 
PDMS region. This is also observed in the PDMS homopolymer’s WAXD pattern. The 
presence of this halo in the copolymers with long PDMS segments (D-3, D-4 and D-5) as 
well as the copolymers with high branching degrees (F-4 and F-5), and in the light of the fact 
that the position of this halo does not generally change in the copolymers, confirms the 
formation of a relatively pure PDMS micro or nano-segregated phases. This phenomenon has 
been also reported for other PDMS copolymers such as PDMS-polyurethane segmented 
copolymers19 and PDMS-s-PBA copolymers (see Chapter 4).  
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The percentage of crystallinity was calculated from the WAXS data in Figure 5.3, by peak 
deconvolution. The ratio of the area under the crystalline peaks (Ic) to the total (amorphous + 
crystalline) area (Itot) gave the degree of crystallinity (ωm) and the crystallinity based on the 
polyester content (ωmPES) was calculated. The results obtained are summarized in Table 5.2. 
The WAXD data of the thin films agree well with DSC results. WAXD results also showed 
that there was a significant reduction in crystallinity of the copolymers as the PDMS segment 
length increases in series D. There was also a clear decrease in the crystallinity of the 
copolymers as the branching degree increases in the branched copolymers (series F).  
5.3.2 Microscopic surface and bulk morphology of the copolymers  
First, the morphology of segmented copolymers with different PDMS segment lengths will 
be discussed, and then the effect of branching on the morphology of the PDMS-PBCH 
copolymers with short PDMS segment length (1000 g/mol) will be discussed (notice the scale 
in the AFM and the TEM images are chosen to best represent to the observed morphology).   
Figure 5.4 shows the surface morphology of the PBCH homopolymer (Figure 5.4(a) and (b)), 
height and phase images, respectively) and PDMS-s-PBCH copolymers with 10 wt % PDMS 
content and PDMS Mn 1000 g/mol (Figure 5.4(c) and (d)), height and phase images, 
respectively), as monitored  by AFM. All the AFM images show well-defined semicrystalline 
morphology of spherulites. The spherulites size of the polyester homopolymer (20–25 µm) is, 
however, much larger than that of the copolymers (10–15 µm). This indicates that 
incorporating PDMS segments in the polyester chains affects the crystallinity arrangement or 
order, as well as the melting temperature and the crystallinity degree, as has been discussed in 
DSC and WAXD results (see Section 5.3.2). The reduction in the melting temperature of the 
copolymers can be as a result of the decrease in the spherulite size. 
This type of surface morphology recorded for the PDMS-s-PBCH copolymers confirms the 
results observed by Miroslawa4 for the surface of polydimethylsiloxane-
polybutyleneterephthalate segmented copolymers, using POM. However, the internal 
structure of these spherulites is better revealed in the PDMS-s-PBCH copolymers in the 
phase image than the height image. Additional information can be gained from the variation 
in the contrast in the phase image, where the PDMS domain can be clearly seen. 
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a)  b)  
c)   d)  
Figure 5.4: AFM images of thin films of (a and b) PBCH homopolymer and (c and d) PDMS-s-PBCH 
with 10 wt % PDMS content and PDMS Mn 1000 g/mol. 
Two phases can be distinguished when moderate to hard tapping forces are used. Small 
darker spherical domains in a matrix of the continuous phase are due to the PDMS 
component representing the minority phase. It is proposed that these spherical domains in the 
copolymer are PDMS segments that segregate to form PDMS domains or islands (dark spots 
in the phase images) in polyester matrix (the bright region in the phase images). As has been 
mentioned in Chapter 4 (see Section 4.3.2), PDMS and polyester are different both 
chemically and mechanically, and the combination of both of these differences leads to 
variation between the PDMS regions and polyester regions in terms of the viscoelasticity 
properties as well as in the energy dissipation between the sample surface and the AFM tip 
interface. Thus, the siloxane containing phases appear darker than the ester containing phases 
in the AFM phase image micrographs. Therefore, the small dark spheres in Figure 5.4(d) are 
most likely related to the PDMS domain. The AFM phase image of the PDMS-s-PBCH 
copolymer with 10 wt % and, 1000 g/mol Mn PDMS in Figure 5.4(d) shows domains of 
PDMS between the crystal lamellae, similar to the ones seen for the PDMS-s-PBCH 
copolymers with 5 wt % and 2000 g/mol Mn PDMS segments (Figure 4.4). The size of the 
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PDMS domain seems to be large compared to that obtained for PDMS-s-PBCH copolymers 
with larger PDMS segment length and 10 wt % PDMS (see Figure 5.5). One of the possible 
explanations for this is that crystallization of the PBCH segment leads the PDMS segments 
being pushed out of the crystal structure. This continuous rejection of PDMS amorphous 
segment by the crystallisable PBCH segment during the crystal growth allows more PDMS 
segment to segregate and form larger domains of PDMS on the copolymer surface. The slight 
variation in the brightness of bright region (polyester phase) in Figure 5.4(d) can be attributed 
either to the changes in the height of the lamellae or due to the presence of both crystalline 
and amorphous areas in the spherulitic crystal structure.  
Figure 5.5 shows the morphology of a PDMS-s-PBCH copolymer with 10 wt % PDMS 
content and various PDMS segment lengths. No spherulitic crystal structure was detected on 
the surface for the copolymer with the large PDMS segment length. This is simply because 
the longer PDMS segments inhibit the crystallization significantly. However bright spots 
were detected, which can either be due to the height effect or due to crystalline domains 
PBCH in the copolymers. There is still evidence of the PDMS domains between the lamellae 
order particularly in the phase images of copolymer samples D-2 and D-3, as shown by the 
circles in Figures 5.5(a) and 5.5(b). The PDMS domains are clearly observed in all cases, and 
when comparing the sizes of these spheres it is clear that as the PDMS segment length 
increases so the size of the PDMS spheres increases, it increases from 40±10 nm in diameter 
for D-2 to more than 200±50 nm for D-4 (see Figure 5.6(a) and 5.6(c), respectively, and 
Table 5.3). 
In the case of the copolymers with small PDMS segments, the crystallinity and the 
incompatibility between the copolymer components seems to work together as driving forces 
for microphase separation on the copolymer surface. Therefore the phase separation occurs 
after the crystallization has taken place. On the other hand, when the PDMS segment is long 
the semicrystalline spherulites cannot be observed. This might be because the PDMS 
segments disrupt the crystal order of the polyester segments and therefore microphase 
separation occurs first, which prevents large spherical crystal structures from forming.  
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a)      
b)     
c)      
d)      
Figure 5.5: AFM images of thin films of PDMS-s-PBCH copolymers with 10 wt % PDMS and segment of 
PDMS of different Mn: (a) PDMS Mn 2000, (b) PDMS Mn 4000, (c) PDMS Mn 7000 and (d) PDMS Mn 
10000 g/ mol. 
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Figure 5.6 shows examples of the measurements of the spheres diameters using the phase 
profile of the AFM phase images, for two PDMS-s-PBCH copolymers, with 10 wt % PDMS 
and different PDMS segment lengths: (a) PDMS Mn 4000 g/mol, and (b) PDMS Mn 10000 
g/mol. Figures 5.6(a) and 5.6 (b) show the phase profiles along the lines drawn in the AFM 
phase images Figure 5.5(b) and 5.5(d), respectively across several PDMS domains in order to 
measure the spheres diameters. The resulting average diameter values, which are summarized 
in Table 5.3, were based on three images for each copolymer.    
a)     b)  
Figure 5.6: Analysis section of AFM phase images of thin films of PDMS-s-PBCH copolymers with 10 wt 
% PDMS and PDMS segments with different Mn values: (a) PDMS Mn 4000, and (b) PDMS Mn 10000 
g/mol. 
Figure 5.7 shows a TEM micrograph of a cross-section of a PDMS-s-PBCH copolymer with 
10 wt % PDMS and PDMS segment of Mn 1000 g/mol. It clearly shows that the PDMS-s-
PBCH copolymer had distinct microphase separation, which supports the Tg results obtained 
using DMA.  
     
Figure 5.7: TEM micrograph of PDMS-s-PBCH copolymer with 10 wt % PDMS content and Mn 1000 
g/mol.  
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Since the contrast in TEM images results from the difference in the electron density in silicon 
and carbon, the PDMS phase can be distinguished as a dark area due to the higher electron 
density of Si relative to the polyester segment (C and O). Therefore, the dark spots or spheres 
in Figure 5.7 correspond to the PDMS domains. These are surrounded by the light matrix, 
which is obviously the polyester phase. For the copolymers with quite short PDMS segments 
(Mn 1000 g/mol) (D-1) the largest spherical domains obtained from TEM images have a 
diameter of approximately 20 nm (Figure 5.7), this contrast to AFM results in which the 
diameter of the PDMS domains goes up to 300 nm (Figure 5.4(d)). This indicates, indirectly, 
that crystallization of the polyester segment is one of the driving forces that leads PDMS 
segment to segregate on the surface, where it forms bigger domains, and probably the phase 
separation in the bulk is more affected by the microphase separation in the solution (liquid–
liquid demixing), before the crystallizations of the polyester segment commenced. On the 
other hand, the smallest visible spherical domains for D-1 in the Figure 5.7 have a diameter 
of approximately 5 nm (nano-domains). Based on that standard deviation of the measured 
diameters of the PDMS domains one can conclude that the PDMS segment was not 
distributed evenly along the copolymer chains. This is suggested by the relatively large 
standard deviation in the size of PDMS domains not only for D-1 but for the entire series 
(Table 5.3). 
Figure 5.8 shows examples of TEM micrographs of PDMS-s-PBCH copolymer containing 10 
wt % PDMS of various Mn. The micrographs show a very fine micro-phase separated 
structure with the polyester as the continuous phase and the PDMS as the included phase 
mostly in a spherical shape. No obvious crystal structure can be detected in these TEM 
pictures. However, the PDMS domains can be clearly seen in all cases. Furthermore, as the 
PDMS segment length increases in the copolymer chains, the diameter of the PDMS domains 
becomes larger. Therefore, the PDMS spherical domains become more defined as the PDMS 
segment length increases. This indicates a higher degree of phase separation with an 
increasing PDMS molar mass. This finding is consistent with results of DMA analysis, 
specifically for D-3, D-4 and D-5 in Figure 5.1. The average sizes of the PDMS domains 
were determined by TEM images analysis using Image J. exe. Software. The size of the 
PDMS spheres increases from 15±5 nm in D-1 to 80±40 nm (nano-domains) in D-5. See 
Table 5.3. 
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            a)    b)   
     c)    d)  
Figure 5.8: TEM micrograph of PDMS-s-PBCH copolymers with 10 wt % PDMS content and varying 
Mn: (a) 2000, (b) 4000, (c) 7000 and (d) 10000 g/mol.  
The PDMS domain size in the spherical morphology can be related to the molar mass of the 
spherical domain forming segment using the Meier equation20  
R = 1.33 α kMn1/2      [Eq 5.1] 
where R is the domain radius for a spherical domain, α and k  are constants for each polymer 
(for PDMS α = 1.2 and k = 880x10-3, for R in Angströms), and Mn is the molar mass of the 
spherical domain forming segment.21 Table 5.3 shows the theoretical diameters of the domain 
and the experimentally diameters. The theoretical diameter was calculated based on Eq 5.1, 
and the experimentally diameters were obtained from AFM and TEM analyses. 
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Table 5.3: Domain sizes (diameters) of segmented PDMS-PBCH copolymers   
Sample  Theoretical diameter (nm) 
Diameter from AFM 
(nm) 
Diameter from TEM 
(nm) 
D-1 4.44  250±100 15±5 
D-2 6.28 40±10 25±10 
D-3 8.88 60±20 40±20 
D-4 11.75 200±50 60±30 
D-5 14.05 300±100 80±40 
The largest nanospheres for the PDMS-s-PBCH copolymers with 10 wt % PDMS and PDMS 
Mn 10000 g/mol Figure 5.9(d)  have a diameter of approximately 80±40 nm (sub-micron 
domains) as measured from TEM images. The size of the nanodomains consisting of just one 
PDMS segment is expected to be 14.1 nm, based on the PDMS molar mass and using Eq 5.1. 
This indicates that the nanodomains contain more than one segment of PDMS, and possibly 
also very short PBCH segments, which link two or more PDMS segments with each other. 
Although the dimensions of the spheres determined using the Meier equation do not show 
very good agreement with the experimentally determined dimension, the dimensions of the 
spherical PDMS domains (obtained by TEM), seem to obey a law proportionality with Mn2/3 
in agreement with the previous studies, when a strong separation between the copolymer 
components was observed.22,23  
The average sphere diameters obtained from AFM are larger than those obtained from TEM. 
This could be due to one or both of the following reasons. First, due to the low surface energy 
of the PDMS it has a propensity to diffuse to the copolymer surface, thus more PDMS is in 
the surface than in the bulk. Second reason is that error could occur due to the AFM 
architecture error. Such an error may arise due to one or both of the following reasons. First, 
when measuring very small objects using AFM, the actual size of AFM tip cannot be 
neglected, the measured profile is in fact a convolution of the actual profile by the tip shape.24 
Second, flattening can occur,25 especially when the surface of a soft material is measured (in 
this case PDMS). The flatting was minimized by using AFM in the tapping mode.  
Figure 5.9 shows the AFM phase images of the thin film surface of PDMS-br-PBCH 
copolymer with various branching degree. The PDMS content in all the copolymers is 10 wt 
% and the PDMS segment length is 1000 g/mol.  
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a)   b)   
 c)    d)  
 e)  
Figure 5.9: AFM phase images of the PDMS-PBCH branched copolymer with 10 wt % PDMS and (a) 0.1 
wt % branching agent, (b) 0.2 wt % branching agent, (c) 0.5 wt % branching agent (d) 1 wt % branching 
agent (e) 2 wt % branching agent. 
All the copolymers show spherical PDMS domains. However, F-5 (Figure 5.9(e)) also shows 
secondary morphology, where several of the PDMS spheres are connected with each other to 
form another phase of continuous PDMS regions. The diameters of these domains were 
determined from the AFM images and the results summarized in Table 5.4. The diameter of 
Chapter 5: Morphology of Multiblock PDMS-PES Copolymer: 2  
 
 
 
144 
the PDMS spheres increases as the branching degree increases. Microphase separation of the 
spherical hard domains for segmented and branched segmented poly(urethane urea) 
copolymers, has been previously reported by Sheth and coworkers26 using only phase images 
of the AFM.  
Although the variation in the brightness of the bright phase in Figure 5.9 can be explained as 
the variation in the height or the surface roughness, another explanation is possible; this is as 
a result of the presence of hard crystalline PBCH. However, in Figure 5.9 the semicrystalline 
spherulites were not observed even when a small percentage of the branching agent was used, 
as in F-1 (0.1 wt %), although F-1 has a relatively large degree of crystallization (see Table 
5.2). This indicates the combination effect of both the random branches and the PDMS 
segment content. Both may disrupt the large crystal order of polyester segments, especially 
the spherulitic crystal structure. These factors might also be the cause of the noticeable 
reduction in the TgH of the polyester segment (TgH in Table 5.2). This reduction in the TgH 
can be seen in the entire series of the branched copolymers (series F), when it is compared to 
segmented copolymer that has the same PDMS segment length as the branched copolymers 
sample D-1. The reduction in TgH probably gives more ability to the PDMS segment to 
diffuse to the copolymer surface due to the increase of the copolymer chain mobility.  
Figure 5.10 shows TEM micrographs of the PDMS-br-PBCH copolymers with various 
degrees of branching, and with 10 wt % PDMS content and 1000 g/mol PDMS segment 
length. In the bulk of the copolymer, as the branching degree increases in the copolymer 
chain, the diameters of the PDMS domains become larger.  
 
Chapter 5: Morphology of Multiblock PDMS-PES Copolymer: 2  
 
 
 
145 
a)  b)  
c)  d)  
e)  
Figure 5.10: TEM micrograph of  PDMS-PBCH segmented (a) and branched copolymer with 10 wt % 
PDMS, and (b) 0.1 wt % branching agent, (c) 0.2 wt % branching agent, (d) 0.5 wt % branching agent, 
(e) 1 wt % branching agent, and (f) 2 wt % branching agent. 
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Once again, the TEM micrographs for the PDMS-br-PES copolymers generally show similar 
morphologies to those obtained in the AFM images. However, the most dominant type of 
morphology observed in the F-5 copolymer was only spherulitic microphase-separated 
PDMS domains. The diameters of the PDMS domains were measured in the copolymer bulk 
from the TEM images and the average diameters are tabulated in Table 5.4.  
Table 5.4: Domain sizes (diameter) of branched PDMS-PBCH copolymers   
Sample  Diameter from AFM (nm) Diameter from TEM (nm) 
F-1 50±10 20±5 
F-2 100±20 30±10 
F-3 150±30 35±10 
F-4 300±60 40±15 
F-5 400±80 50±20 
Once again it is clear that the diameter of the PDMS domains increase as the branching 
degree increases. This might be due to the effect of the increase in the branching degree on 
the degree of the crystallinity of the polyester segments (as it has been discussed in the DCS 
results in Section 5.3.1) and because the Tg values of the copolymer segments are below 
room temperature. Therefore, the PDMS segment will have much better chain mobility as the 
degree of the crystallinity decreases and thus the size of PDMS domains increases. For 
instance, it increases from 30±10 nm in diameter for D-2 to more than 50±20 nm for D-5 see 
Table 5.4. Similar to the case of the segmented copolymers, the average diameters obtained 
by AFM are larger than those obtained from TEM images, for similar reasons mentioned 
previously in the PDMS-s-PBCH copolymers in this section. This indicates that the 
branching in the copolymers does not restrict the PDMS segment movement toward the 
copolymers surface. 
5.3.3 Adhesive force and surface roughness   
PDMS has a very low surface energy,27,28 and due to the PDMS surface segregation, the 
PDMS-PBCH copolymers are expected to have a low surface energy. The surface energy 
(adhesive force) of PDMS-PBCH segmented and branched copolymers was measured using 
digital pulsed-force mode AFM (DPFM-AFM). Results are shown in Figure 5.11 where the 
averages of the adhesive force are plotted against the PDMS segment length and the branched 
contents and several adhesive force images are also included. 
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a)  
b)  
Figure 5.11: Adhesive force measurement of: (a) PBCH homopolymer (D), PDMS-s-PBCH copolymers 
and (b) D-1 (F) PDMS-s-PBCH copolymers and PDMS-br-PBCH copolymers.  
It is clear from Figure 5.11 that as the PDMS segment length increases, the adhesive force 
decreases. A similar effect is found for an increase in the branching degree. The dark spots in 
the adhesive force images indicate lower surface energy regions, which are more likely 
related to the PDMS domains, as it has been suggested by Jin et al. for polyimidesiloxane 
copolymers.29 
The large standard deviation in both copolymers might be due to the heterogeneity of the 
surface composition or in the functional groups on the surface (such as CH3, CH2, C=O and 
OH). It is clear evident that no complete monolayer of PDMS has been formed on the surface 
D D-1 D-2 D-3 D-4 D-5
0
100
200
300
400
500
A
dh
es
iv
e 
fo
rc
e 
(n
N
)
PDMS M
n
 
F F-1 F-2 F-3 F-4 F-5
0
50
100
150
200
250
300
350
400
450
500
550
 
A
dh
es
iv
e 
fo
rc
e 
(n
N
)
Branching agent  (%)
Chapter 5: Morphology of Multiblock PDMS-PES Copolymer: 2  
 
 
 
148 
of PDMS-PBCH segmented copolymer due to the large variation in the entire D series. In 
case of complete formation of a monolayer the variation of the function group on the surface 
would be less and therefore, the standard deviation would be smaller. Similar results were 
obtained for PDMS-br-PBCH, where no complete PDMS monolayer is formed.  
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Figure 5.12: Surface roughness of: (a) PBCH homopolymer (D), PDMS-s-PBCH copolymers and (b) D-1 
(F) PDMS-s-PBCH copolymers and PDMS-br-PBCH copolymers. 
Figure 5.12 shows the influence of varying PDMS segment length on the surface 
roughness of the PDMS-PBCH as well as the influence of various degree of branching, it 
seems that the surface roughness value for D and D-1 (F) is quite large which might be 
due to the spherulitic crystal structure in these polymers. However, for the rest of the 
copolymers the surface roughness value increases with increasing the PDMS segment 
length, which could be related to increasing in the phase separation on the surface as the 
PDMS length increases. The PDMS length segments or domains form islands on the 
surface. The size and the height of these islands increase as the PDMS concentration on 
the copolymers surfaces increases.  
The surface composition of these copolymers seems to depend on both the polymer 
structure PDMS segment length and degree of branching. The spherulitic crystal 
morphology changed to a spherical PDMS microdomain morphology when PDMS 
increases to a specific degree, which affects the adhesive force, as well as the surface 
roughness.   
Figure 5.12 shows a non-linear relationship between the average surface roughness and 
PDMS segment length and the branched degree. The changes in the surface roughness 
due to varying the PDMS content in the polysiloxane-polyimides copolymers has been 
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reported by Furukawa and co-workers.30,31 The change in the surface roughness was 
related to the degree of phase separation in the copolymer, which cannot be done in the 
PDMS-s-PES systems due to the fact that in addition to the phase separation effect, the 
crystallinity has a great effect on the surface roughness. As the crystallites were not 
detected for the branched (PDMS-br-PBCH) copolymers on the copolymer surface, the 
changes in the surface roughness could be used as an indication of the degree of phase 
separation in this case. 
5.4 Conclusions  
The morphology of two series of semicrystalline PDMS-s-PBCH copolymers and PDMS-br-
PBCH copolymers, with 10 wt % PDMS content were successfully investigated using DMA, 
DSC, WAXD, AFM and TEM techniques. The AFM images of PBCH homopolymer and 
PDMS-s-PBCH copolymers with 10 wt % PDMS content and PDMS of Mn 1000 g/mol 
showed that the PBCH homopolymer exhibited spherulite crystal morphology whereas the 
PDMS-s-PBCH copolymers exhibited spherulite morphology as well as PDMS domains 
disrupting the lamella arrangement in the spherulites. Despite the ability of the PDMS 
segments to segregate on the surface the polyester segments managed to crystallize rather 
well, as seen in the AFM images of the copolymers with short PDMS segment lengths. This 
was confirmed by WAXD and DSC results. For longer PDMS segment lengths the crystalline 
spherulite disappeared and the morphology became more homogeneous. However, WAXD 
and DSC analyses revealed relatively low degrees of crystallinity for the entire segmented 
and branched copolymers series. This indicated that the crystallinity might be confined only 
in small regions. It was clear that the PDMS segment length and the branching degree had 
unfavourable effects on the crystallization of the PBCH segment. It was difficult for the 
polyester segments to form a spherulitic superstructure with PDMS of Mn 2000 or even in 
lower PDMS of Mn 1000 with a small degree of branching ( 0.1 wt % and g = 0.94).  
The microphase separation in both segmented and branched PDMS-PBCH copolymers with 
random polyester segment lengths and 10 wt % PDMS was clearly detected in the DMA 
results, and visualized in AFM and TEM images. The phase separation probably occurs by 
liquid–liquid demixing (or microphase separation in the solution), in combination with 
crystallization of the polyester segment. The main type of phase separation morphology was 
spherical domains of PDMS in the PBCH matrix. The diameters of these domains increase in 
proportion to the PDMS segment length for the segmented copolymers and to the degree of 
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branching for the branched copolymers. In the case of branched copolymers the increase in 
the branching degree forces the PDMS domains to connect with each other, and this 
eventually leads to the formation of a type of bicontinuous phase separation on the surface. 
However the bicontinuous phase separation was not observed in the bulk morphology by 
TEM. This difference in the morphology between the bulk and the surface illustrates that 
there is a higher concentration of PDMS on the surface than in the bulk. This is a result of the 
ability of PDMS segments to diffuse or flip to the surface, due to the low surface energy of 
the PDMS. This is also indicated from the difference in the sizes of the PDMS domains on 
the surface and in the bulk of the copolymers. Furthermore, results of AFM pulsed mode for 
both copolymer series showed a significant change in the adhesive force, which was 
correlated to difference in the PDMS Mn in series D and to an increase in the branching 
degree in series F. The change in both the PDMS Mn and branching degree also affected the 
surface roughness of the samples, as observed from AFM height images, which were 
captured with the associated adhesive force images.   
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Abstract: 
In order to obtain more information on the morphology of PDMS-PBCH semicrystalline 
copolymers positron annihilation lifetime spectroscopy (PALS) was used to measure the free 
volume in the copolymers as well as in the PDMS and PBCH homopolymers. The free 
volumes of the PDMS and the PBCH homopolymers were determined by analyzing the 
lifetime (LT) spectra using a three-components fit. In the case of the PDMS-PBCH 
copolymer series, where the three-components fit becomes has no physical relevance the LT 
spectra of the PDMS-PBCH copolymer series were analyzing using a four-components fit in 
addition to the three component fit. In this chapter, however the discussion is focused on 
determining the free volumes of three different series of PDMS-PBCH copolymers using 
four-components fit. The effects of the chemical composition and the molar mass of the 
PDMS segment, and the branching degree, on the o-Ps annihilation parameters and thus on 
the free volume of the PDMS-PBCH copolymers, were investigated. Results also indicated 
that positron annihilation characteristics (the longest lifetime components (τ3 and τ4) and their 
intensities (I3 and I4) are very useful for studying the effect of the morphological parameters 
(microphase separation and crystallinity) on the free volume in the copolymer series. 
Changes in the Tg values of the PDMS segment and the PBCH segment in the copolymers 
were related to the o-Ps lifetime, which is indicative of a change in free volume in the 
copolymers. Very good agreement between the DMA results and the PALS results were also 
observed. 
Keywords: free volume, positron lifetime, phase separation.   
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6.1 Introduction 
Positron annihilation techniques have been used extensively to determine the free volume in 
various semicrystalline and amorphous polymers.1-9 The free volume can be understood as 
the volume within the polymeric structure that is not occupied by molecules. It has a great 
influence on the physical properties and durability of polymers.10-13 Consequently, since the 
characterization of the free volume is related to the mechanical and thermal history of the 
polymer, its investigation is of great interest.14,15 The use of PALS in free volume 
characterization is unique. PALS is a non-destructive technique and is sensitive to a free 
volume on a molecular level.  
PALS is based on measuring the lifetimes of positrons "injected" into a material.16,17 
Positrons emitted from a radioactive source enter the polymer matrix, thermalize, and may 
either annihilate with electrons or form positronium (Ps). The typical lifetime of the Ps 
depends on the spin state. The singlet state or para-positronium (p-Ps) annihilates in 0.1–0.2 
ns. It is referred as τ1. This value is lower than the typical lifetime of the positron itself, 
referred to as τ2, which is in the range 0.3–0.5 ns. The triplet state or ortho-positronium (o-Ps) 
has a lifetime of 142 ns in vacuum; however, it decreases typically in a matter of a few 
nanoseconds: 1.5–4 ns. This is due to collisions of Ps with molecules (pick-off 
annihilation).18,19  
In investigations of the free volume in polymer material, it is widely accepted that the longest 
lifetime component (τ3 or τ4) connected with the o-Ps is expected to give information on 
characteristics of the holes that appear due to the structural disorder in the amorphous regions 
in the polymer.20,21 It has been found in amorphous polymers that τ3 increases with an 
increase in the holes volume,22 i.e. the o-Ps lifetime increases with the free volume. An 
increase of the free volume in the system means less overlap of the wave functions of the 
positron (that forms the o-Ps) and of the media electrons. Further, it is assumed that in glassy 
polymers the fraction of the positron forming o-Ps (I3) is correlated to the density of holes in 
the material, but the exact nature of this correlation is not known.23  
In semicrystalline polymers the picture is even more clouded, since one has to account for the 
many possible types of holes arising from the complex morphology that is commonly present 
in this class of materials, i.e. disordered regions between lamellae in the spherulites structure 
as well as the amorphous regions between the spherulites. In addition, the crystalline regions 
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are not clearly defined with sharp and clear boundaries or crystalline faces separating them 
from the surrounding amorphous regions. The crystallites themselves also contain many 
defects and dislocations arising from the extensive chain entanglements of molecules in the 
bulk state. The noncrystalline phase must be subdivided into the noncrystalline-amorphous 
and the crystalline-amorphous interfacial portions. The interfacial region is amorphous but 
has a constrained molecular mobility, due to the presence of crystallinity, and is usually 
described as the rigid-amorphous fraction.24,25 
The relationship between the positron lifetime annihilation and the molecular characteristics 
of semicrystalline polymers has been the subject of vast number of academic research 
studies.21 The observations of different authors about the relationship between the o-Ps 
lifetime and molecular structure of semicrystalline polymers can be summarized as follows. 
For several semicrystalline polymers the changes in the crystalline regions do not show any 
effect on the lifetime of the o-Ps annihilation. The lifetime spectra of the polymers are found 
to be best resolved in three-components, similar to in the case of the amorphous polymers. 
This has led to the conclusion that there is only one long-lived component (τ3 ≅ 1.5–4 ns), 
regardless of the presence or absence of the crystalline phase. Some examples of 
semicrystalline polymers in this group are polyetheretherketone,26 polyethyleneterephthalate 
(PET)23 and polypropylene.14 On the other hand, four lifetime components have been found 
for polyethylene (PE),6 polyamides,7 polytetrafluoronethylene14 and 1,4-polybutadiene.27 In 
this group of semicrystalline polymers two long-lived o-Ps components were obtained, where 
the first (τ3 ≅ 1 ns) is attributed to o-Ps annihilation in the chain folded regions, and the 
second (τ4 ≅ 2.4–4 ns) is attributed to pick-off annihilation of o-Ps entrapped in the free 
volume in the pure amorphous phase of the polymer. In the case of polyurethane/urea 
membranes obtained through the introduction of two soft segments, polypropylene oxide and 
polydimethylsiloxane, two long components (lifetimes τ3 and τ4) were ascribed to two Ps 
states decaying in different regions. The detection of the two long lifetimes in these 
membranes indicated the coexistence of two phases corresponding to separate domains of the 
two soft segments of the polydimethylsiloxane and polypropylene oxide membranes. 28 
A decrease in I3 (the longest-lived component intensity) with increasing crystallinity has been 
reported for semicrystalline PET polyester.23 However, the extrapolation gave I3 ≅ 6% at 
100% crystallinity. It was concluded that the semicrystalline phase in PET contributed to the 
o-Ps formation. According to the authors’ hypothesis presented in the article, the 
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inhomogeneous electron distribution existing in the crystal structure of PET is the reason why 
even small lattice distortions, such as long range thermal vibrations, can provide trapping 
sites for o-Ps formation in the crystalline phase in the regions of reduced atomic/electron 
density. Thus, the respective I3 dependence on the crystallinity should be linear. The 
similarity of the structures of the PBCH segments and the PET molecules lead the author of 
this thesis to presume that similar results might be obtained for the PBCH homopolymer. 
However, in other semicrystalline polymers, such as PE, there is also evidence to suggest that 
the annihilation characteristics may be related to the average distance between crystallites, 
thickness of the crystallites, and the concentration of chain defects.29 Furthermore, the Ps that 
is formed in crystalline and amorphous phases has also been assumed to tunnel through the 
interface between both phases, which complicates the situation.21  
In the light of this somewhat ambiguous situation (the reliable number of fit for LT spectra 
and how to relate the PALS results to the polymers structure) the aim of this investigation 
was to determine whether any correlation exists between the mechanism of positron 
annihilation and the microstructure of the PDMS-PBCH copolymers and the respective 
homopolymers. It was hoped that this would shed further light on the relationship between 
the free volume of the copolymers and the morphological parameters (microphase separation 
and crystallinity), and the Tg of both the PDMS segment and PBCH segment in the 
copolymers. Copolymers with well-known structural and morphological parameters were 
reported in previous chapters (Chapters 3-5). Three different series were chosen in order to 
investigate the effect of the chemical composition (series C), the molar mass of the PDMS 
segment (series D) and the branching degree (series F) on the free volume of the PDMS-
PBCH copolymers.  
6.2 Experimental  
6.2.1 PDMS-PBCH samples 
The specimens under investigation were synthesized and characterized as described in 
Chapter 3. The morphologies of these copolymers were also investigated, as described in 
Chapters 4 and 5. The chemical and morphological characteristics of the studied samples are 
summarized in Table 6.1.  
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Table 6.1: Characteristics of three series of PDMS-PBCH copolymers (C, D, and F) investigated 
Sample 
PDMS 
in feed 
(wt %) 
PDMS 
Mn 
(g/mol) 
PDMS in 
the 
copolymera        
(wt %) 
Crystallinity 
ωm
b
  (%) 
Branching 
index 
gc 
Morphology typed 
PDMS 100 - 100 0 - - 
PBCH 0 - 0.00 31.40 - Spherulitic crystal 
C-1 5 2000 4.74 23.40 - Spherulitic crystal and  PDMS spherical domains 
C-2 10 2000 9.20 16.40 - PDMS spherical domains 
C-3 25 2000 22.70 14.10 - PDMS spherical domains 
and  bicontinuous 
C-4 40 2000 35.76 9.61 - bicontinuous 
C-5 60 2000 52.10 6.10 - PBCH spherical domains 
D-1 10 1000 9.35 28.40 - PDMS spherical domains 
D-2 10 2000 9.20 16.40 - PDMS spherical domains 
D-3 10 4000 8.90 16.10 - PDMS spherical domains 
D-4 10 7000 9.10 13.10 - PDMS spherical domains 
D-5 10 10000 8.60 12.40 - PDMS spherical domains 
F-1 10 1000 9.10 25.60 0.94 PDMS spherical domains 
F-2 10 1000 9.51 23.50 0.75 PDMS spherical domains 
F-3 10 1000 9.32 22.60 0.62 PDMS spherical domains 
F-4 10 1000 8.90 21.30 0.52 PDMS spherical domains 
F-5 10 1000 9.44 15.50 0.47 PDMS spherical domains 
and  bicontinuous 
a
 determined by 1H-NMR 
b
 determined by WAXD 
c
 determined by SEC-MALLS 
d
 determined by AFM 
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6.2.2 Sample preparation  
Two identical samples, approximately 2.5 × 10 × 10 mm3, were sandwiched around a 
positron source, made by evaporating carrier-free 22NaCl solution onto aluminium foil 
(Figure 6.1). Positron lifetime measurements were performed using a fast-fast coincidence 
system with a time resolution of 240.34 ps full width of half maximum (FWHM) and a total 
of 1024 channel. The radioactive source (22Na) was placed between two pieces of sample, for 
each sample, and wrapped very carefully in aluminium foil to ensure that the positrons 
interacted effectively with the material. The duration of each measurement was 80 min 
maximum, during which time 1 × 106 counts were collected.  
 
Figure 6.1: The radioactive source placed between the two copolymer samples. 
6.2.3 Data analysis  
Each positron annihilation spectrum, with a summit height of approximately 1 × 106 counts, 
was obtained at room temperature. Mathematically, using the PATFIT computer program, the 
spectra were analyzed as the sum of exponentials. The following procedure was used to 
analyze the LT spectra. The lifetime spectra for each sample were first analyzed in terms of 
three lifetime components, as illustrated in Figure 6.2.  
Figure 6.2 shows the lifetime interval spectrum of PBCH homopolymer, representing the N 
coincidence time distribution that comes from the positron and the positronium annihilation 
processes. Mathematically, the spectra could be analyzed as the sum of exponentials. The 
applied equation for the fit is 
N = D exp(–λ1t) + C exp(–λ2t) + B exp(–λ3t)       [Eq 6.1] 
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where N is the number of accumulated coincidences, the slopes λ are the rates of annihilation, 
D, C and B are the slope intercepts of each component at the zero time axis. The magnitudes 
of the three lifetimes τ1, τ2 and τ3 suggest that they originate mainly from the annihilation of 
p-Ps, free positron and o-Ps, respectively.16 The last parameter with the respective intensity 
(τ3 and I3) are the most important ones, because their analysis will determine the free volume 
and the physical–chemical characteristics of the media where the positron annihilation 
occurs.21  
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Figure 6.2: The three-components fit to the LT spectrum of PBCH. 
Analysis of the measured spectra of PDMS-PBCH copolymers and only PBCH 
homopolymers by four lifetime components was also attempted, as shown in Figure 6.3. The 
applied equation in the fit in the Figure 6.3 is now:  
N = D exp(–λ1t) + C exp(–λ2t) + B exp(–λ3t)  + A exp(–λ4t)        [Eq 6.2] 
where N is the number of accumulated coincidences; and D, C, B and A are the slope intercepts 
of each component at the zero time axis. 
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Figure 6.3: The four-components fit to the LT spectrum of PBCH. 
The analysis was first applied without any constraints where the shortest of the four lifetimes 
was scattered in the range 0.1 and 0.3 ns, with very large variances fit. This lifetime is 
consistent with that of the p-Ps lifetime. In order to reduce the scatter of the points the final 
four lifetime analyses were carried out by fixing the intrinsic p-Ps lifetime at 0.125 ns. 
Further, the four-components fit was also applied by fixing τ2 at 0.5 ns and τ1 at 0.125 ns. 
However, negative values were obtained for several samples, with no significant 
improvement in the fit (high variances fit). Therefore the results of the four-components fit 
reported in this chapter were obtained when only τ1 was fixed at 0.125 ns.   
6.3 Results and discussion 
6.3.1 PDMS and PBCH homopolymers   
In the case of the PDMS homopolymer the LT spectrum was analyzed using the three-
components unconstrained fit. As a result of the homogonous PDMS amorphous pure phase 
the three-components fit was suitable and applicable. The variance of the fits was also small, 
it is 1.1. However, in the case of the semicrystalline PBCH homopolymer the LT spectrum 
was analyzed using both the three-components unconstrained fit and the four-components 
constrained fit (using 0.125 ns for p-Ps annihilation lifetime (τ1)). The variances of the fits 
were 1.13 and 1.6 for the three- and four-component fits, respectively. Table 6.2 shows the 
annihilation lifetime of the o-Ps (τ3) and the corresponding intensity (I3), which is indicative 
of the relative number of o-Ps annihilations. The radius and the volume of the holes, as well 
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as the free volume fraction, obtained using Eq 2.3, Eq 2.4 and Eq 2.5 are also listed in Table 
6.2.  
Table 6.2: The o-Ps characteristics of PDMS and PBCH homopolymers determined using the three- 
components fit 
Sample τ3
a
 
(ns) 
∆τ3a 
(ns) I3
b
 (%) ∆I3b (%) Rc(Å) ∆Rc(Å) fvd (Å3) ∆fvd (Å3) ffve (%) ∆ffve (%) 
PBCH 2.06 0.012 19.42 0.098 2.10 0.007 110.00 0.97 3.21 0.06 
PDMS 4.14 0.009 37.48 0.156 4.32 0.003 338.50 8.73 22.9 0.14 
a the average lifetimes of the o-Ps  
b
 the average intensities of the free volume holes  
c
 the average radii of the free volume holes  
d
 the average of the free volume holes  
e
 the average of the free volume fractions  
Regardless of constraints used in the four-components fit there was no significant 
improvement in the variance of the fit. The errors (standard deviations) in the lifetime and 
intensity of the o-Ps annihilation were higher than the respective values when the LT spectra 
were fitted with three exponential components. Thus, in PBCH homopolymers there was only 
one o-Ps component. If however, there were two components (one for the amorphous region 
and another for the crystallinity region), then they are very close to each other (at about 2.06 
ns) and cannot be resolved mathematically. The suitability of the three-components fit for the 
PBCH polyester is consistent with that reported in literature for other polyesters, such as 
PET.23 
Table 6.2 shows that about a quarter (22.9±0.12%) of the PDMS volume is free volume, 
which explains the very low Tg of this polymer (–123 °C). This value of the free volume 
fraction is larger than the value reported in literature for the PDMS pure homopolymer.30 
This variation might be a result of the difference in the degree of the crosslinking in the 
PDMS molecules. On the other hand, the free volume in the PBCH homopolymer, which has 
not been measured by PALS before, represents only 3.21±0.06% of the total volume of the 
polymers, even though the Tg of this polymer is lower than room temperature. The relatively 
low free volume fraction in the PBCH homopolymer can be attributed to the crystallinity 
degree in this polymer, determined using WAXD to be about 31.4% (see Section 4.3.1), 
resulting in a lower o-Ps yield. Therefore, the o-P lifetime and its intensity, as extracted from 
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the lifetime spectra, can provide an indication of the polymer’s structure, and eventually 
provide more information on the region where the o-Ps could be annihilating. 
6.3.2 PDMS-PBCH copolymers   
Figures 6.4, 6.6 and 6.9 show the longest o-Ps lifetimes (τ3 and τ4) and intensities of the 
corresponding o-Ps (I3 and I4), as obtained after using the three- and four-components fits. In 
contrast to the homopolymers, the four-components fit in the copolymer series is necessary in 
order to understand the complex structure and morphology of such phase separated 
copolymer series and to have physical meaning of the lifetimes obtained. The three-
components fits has the advantage that the fitting procedure is easer to apply than the four-
components fits and gives a fitting usually very stable with small statistical scatter parameters 
(τi and Ii) in most of the cases compared with unconstrained four-components fits. However, 
constrained four-components fits in several samples of the PDMS-PBCH copolymers 
(namely C-1, C-2, D-1, D-2 and D-4) did show lower variance fit and less statistical scatter 
parameters than the three-components fits. In the complex semicrystalline copolymers with 
microphase separated morphology the three-components fits has no relevant physical 
meaning and gives only a more or less sufficient fit to the experimental data. Because of the 
structures of these semicrystalline PDMS-PBCH copolymers, positronium can form in both 
the crystalline (PBCH region) and amorphous (PBCH and PDMS regions) phases. The 
possible regions with free volume holes probed by o-Ps in these copolymers are in: (1) open 
amorphous texture and interfaces in spherulites, (2) interlamellar phase and lamellar defects, 
(3) interstitial cavity in the crystalline unit cell,25 and the intermediate phase that forms 
between the PDMS domains and (4) the PBCH dominant phase.  
Figure 6.4 shows the effect of the PDMS content on the lifetime (Figure 6.4(a)) and intensity 
(Figure 6.4(b)) of the o-Ps annihilation in series C, when both three- and four-components fits 
were used to analyses the LT spectra. The values of the lifetime and the intensity depend 
largely on the PDMS content in the copolymers. In the case of the PDMS-PBCH copolymers, 
when using a four-components fit there is an increase in long-lived component τ4 and its 
intensity (I4) as the PDMS content increases. This can be considered to be an indication of an 
increase in the free volume in the PDMS region. The increase in the τ4 represents an increase 
in the size of the free volume holes in the PDMS phase. The increase in the intensity in the 
PDMS phase represents an increase in the number of the free volume holes and indicates the 
higher fraction of o-Ps annihilating in the PDMS phase as the PDMS content increases. The 
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free volume increases as the PDMS phase becomes the dominant phase and the morphology 
changes from small spherical domains of PDMS to larger domains, to bicontinuous phase, 
and then to small spherical domains of PBCH in a matrix of PDMS (see Table 6.1).  
The shortest long-lived component τ3 and its intensity (I3) show an unstable increasing trend. 
This long-lived component (τ3) can be attributed to the change in the free volume in PBCH 
phase. Here an interesting question arises: are the o-P characteristics in the PALS influenced 
by the presence of crystalline regions in the PBCH phase of the samples or not. The answer is 
clearly yes, since dislocation can form very easily in the crystalline region of the PDMS-
PBCH copolymers and it is now particularly easier in PDMS-PBCH copolymers than in 
PBCH homopolymer.  
It is also worthwhile considering the possibility that Ps trapping in dislocations or in 
vacancies that are associated with dislocations in the crystalline region of the PBCH segment 
could also affect the o-P characteristics in the PALS. Therefore, in order to understand the 
PBCH phase in more detail consideration of a five-components fit of the LT spectra is 
recommended. Such fits have been used for hypercrosslinked polystyrene, using both the 
PATFIT and MELT system.3 The process of resolving five exponential components is 
extremely difficult and leads to large variances and was not done on the current data. 
Nevertheless, by using four-components fit the PDMS phase can be identified and understood 
clearly and this study is limited to four-component fit (using five-component fit might be 
object of another future study).       
Therefore, in addition to, the microphase separation, the change in the crystallinity in PDMS-
PBCH copolymers can have influence on the positron annihilation mechanism and increasing 
in the free volume in the PBCH region (τ3) can be an evidence of looser packing of the PBCH 
macromolecular chains and of the formation of additional free volume at the phase 
boundaries. This might offer additional evidence of the formation of o-Ps in both the 
crystalline and amorphous phases, depending on the material under investigation, as was 
reported in several articles in the literature.23 In this case the increasing I3 as well as I4 with 
PDMS content is most probably a result of the decreasing crystallinity in the PBCH phase.   
The increases in the τ3, τ4, I3 and I4 with an increase in the PDMS content shows a nonlinear 
relationship.  
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Figure 6.4: Dependence of (a) o-Ps lifetime (τ) and (b) intensity (I) on the PDMS content in PDMS-
PBCH copolymers (series C). 
In copolymers with a high PDMS content (C-5) (60 wt %) the longest lifetime (τ4) and 
intensity (I4) were observed, meaning that these copolymers have a higher free volume of 
holes and a high density of such holes. This can be clearly seen from the radius of the free 
volume hole in Figure 6.5 and from the free volume values in Table 6.3. 
Figure 6.5 shows the effect of the PDMS content on the radii of the free volume holes. 
Although in reality the free volume holes may not be completely spherical, the two free 
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volume radii R3 and R4 may be used as a rough estimate of the actual hole size. The smaller 
value (R3) corresponds to the free volume holes in the PBCH phase and the larger one (R4) to 
the free volume holes in the PDMS phase. Both radii of the free volume holes in Figure 6.5 
increase as the PDMS content increases, which explains the decrease in the Tg values of the 
PDMS and the PBCH segments, as shown by the DMA results reported in Section 4.3.1.  
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Figure 6.5: Effect of the PDMS content on the radius (R) of the free volume holes in series C. 
The increase in the radius obtained for the PBCH phase in the copolymer when compared 
with the radius of the free volume holes in the PBCH homopolymer could be a result of the 
increase in the dislocations and imperfections in the PBCH phase in the copolymers due to 
the PDMS segment disruption of the lamella structure, as seen from the AFM images in 
Section 4.3.2. The change in the degree of crystallinity can lead to a change in the amorphous 
regions, and subsequently to a change in the lifetime and intensity of the o-Ps annihilations. 
No clear relationship can be drawn, however, between the degree of crystallinity and the o-Ps 
characteristics, because in all the PDMS-PBCH copolymer series the degree of crystallinity 
decreases as the PDMS content, the PDMS Mn and branching agent content increase, all of 
which can affect the o-Ps characteristics. 
One can expect a higher free volume to occur due to both the microphase separation and the 
change in the degree of the crystallinity in the PDMS-PBCH copolymer. In other words, a 
high free volume and density is the result of the influence of the PDMS regions on the PBCH 
amorphous regions, and the PBCH amorphous regions in turn affect the neighbouring 
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crystalline structure of the PBCH region. Changing the crystalline regions as the PDMS 
content changes could result in broadening the amorphous regions as the PDMS content 
increases in between the crystalline regions of the PBCH folding chains in the lamella 
structure, as illustrated in the AFM images of copolymer C-1 (Figure 4.2). Obviously 
broadening the amorphous regions will lead to an increase in the size of the free volume holes 
in the intermediate region between the crystalline region and the amorphous region, and also 
in the crystalline region. In addition to the volume of the holes, Table 6.3 also shows the free 
volume fraction for the three PDMS-PBCH copolymer series (C, D and F). 
Table 6.3: Free volume holes and free volume factions of the holes in three different PDMS-PBCH 
copolymer series based on the four-components fit 
Figure 6.6 shows the effect of the PDMS Mn on the lifetime (Figure 6.6(a)) and intensity 
(Figure 6.6(b)) of the o-Ps in series D. The o-Ps results detected in series D were similar to 
those for series C. The two long-lived components (lifetimes τ3 and τ4) of the o-Ps were 
generally smaller in the case of the copolymers with the shorter PDMS segment length. The 
two long-lived components increase as the PDMS molar mass increases in the copolymers. 
Once again the two long-lived components were ascribed to two o-Ps states decaying in 
different regions, indicating the coexistence of two phases corresponding to separate domains 
Sample fv3( Å3) ∆fv3( Å3) ffv3(%) ∆ ffv3(%) fv4( Å3) ∆fv4( Å3) ffv4(%) ∆ ffv4(%) Total ffv (%) 
C-1 102.5 8.70 0.72 0.18 187.3 31.6 3.08 1.41 3.80 
C-2 103.8 8.70 0.69 0.19 234.7 18.9 4.16 1.52 4.85 
C-3 104.7 11.60 0.84 0.38 239.5 31.7 6.09 2.19 6.93 
C-4 103.4 12.00 1.58 0.54 322.5 14.7 9.31 1.31 10.89 
C-5 105.7 11.30 1.30 0.60 326.5 24.4 9.43 1.55 10.73 
D-1 79.6 8.70 2.43 0.84 198.5 21.1 2.68 1.39 5.11 
D-2 85.4 12.20 1.58 0.40 234.7 11.2 4.16 1.39 5.74 
D-3 111.8 11.30 2.22 0.65 313.1 26.1 6.62 1.31 8.84 
D-4 111.3 14.80 1.97 0.55 319.7 30.3 5.86 1.48 7.83 
D-5 112.5 11.10 1.95 0.46 326.5 31.1 7.58 1.57 9.43 
F-1 84.9 21.81 1.01 0.66 195.0 23.89 5.30 1.93 6.31 
F-2 96.2 20.22 0.69 0.48 205.7 22.87 5.23 1.77 5.92 
F-3 106.7 19.64 0.84 0.62 239.5 20.25 6.43 1.68 7.27 
F-4 115.8 17.80 0.63 0.47 280.1 24.53 5.93 2.21 6.56 
F-5 126.2 27.19 0.78 0.65 293.8 31.64 4.31 1.69 5.09 
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of the two segments in the copolymers (PDMS phase and PBCH phase). This is confirmed by 
the TEM and the AFM results that described the presence of two phase morphology in this 
copolymer series (Section 5.3.2).  
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Figure 6.6: Dependence of (a) o-Ps lifetime (τ) and (b) intensity (I) on the PDMS segment length in 
PDMS-PBCH copolymers (series D). 
In Figure 6.6(b) the intensities (I3 and I4) showed opposite trends: I3 decreases as the PDMS 
segment length increases, while I4 increases. The D-2 copolymer showed the smallest 
intensity (specifically in the PBCH phase (I3)). This can be attributed to the effect of the 
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intermediate phase. The size of the PDMS domains in this copolymer (see Section 5.3.2) is 
smaller than that in the other copolymers, which increases the surface contact between the 
PDMS and the PBCH, and thus a larger intermediate phase in this copolymer will be formed. 
The large scattering (the standard deviation or error) in both the o-Ps lifetimes and the 
intensities can be attributed to the various free volume holes sizes and to the uneven 
distribution of the holes in both copolymer phases.  
Figure 6.7 shows the effect of the PDMS segment on the radii of the free volume holes in the 
PDMS and PBCH phases. The radii of the free volume holes, in both copolymer phases, 
increases as the PDMS segment length increases, which explains the decrease in the Tg 
values of the PDMS and the PBCH segments in this series (series D) of the copolymers, as 
described in Section 5.3.1.  
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Figure 6.7: Effect of the PDMS segment length on the radius of the free volume holes in series D. 
The free volume fraction was determined in both the PDMS and PBCH phases, based on the 
four-components fit parameters (τ3, τ4, I3, and I4) using Eq 2.5. The total fraction of the free 
volume in each copolymer was calculated as the sum of the free volume fractions in both 
phases. The results of the total fraction of the free volume are visually illustrated in Figure 
6.8. The free volume fraction is directly related to the mechanical properties of the polymers. 
This parameter can be thought of as the product of the average hole size and the hole 
concentration.21 Figure 6.8 illustrates the difference in the free volume fractions of the 
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copolymers series C, D and F, as well as the free volume fractions of homopolymers PBCH 
and PDMS. There is a significant change in the free volume fractions in all the copolymers 
series. Copolymers C-5 has the largest free volume fraction and C-1 has the smallest.  
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Figure 6.8: Visual representation of the total fraction of the free volume in the copolymer series C, D and 
F, and PBCH and PDMS homopolymers, calculated as a sum of fraction of the free volumes obtained 
from the two long-lived components. 
Figure 6.9 shows the effect of the branching agent on the o-Ps characteristics: changes take 
place in the o-Ps lifetime (Figure 6.9(a)) and intensity (Figure 6.9(b)) with a change in the 
branching agent content. In this case no matter which number of components fit was used 
there was an increasing trend in the o-Ps lifetimes as the branching agent content increases. 
This was in contrast to the intensities, which showed a decreasing trend. The morphology 
investigation of this series described in the previous chapters (see also Table 6.1) showed that 
all the samples have spheres of PDMS domains in a matrix of PBCH, although the F-5 
copolymer showed small regions of bicontinuous phase on the surface of the sample. This 
similarity in the morphology, as well as the chemical compositions (10 wt % PDMS), might 
be the reason why all the copolymers in this series (series F) showed a similar trend when 
three- and four-components fit were used. Once again, the large scattering in both the o-Ps 
lifetimes and the intensities can be attributed to the variation in the free volume hole sizes and 
uneven distribution in both copolymer phases. The increase in the τ3 and τ4 reflects an 
increase in the mean size of the free volume holes in the PBCH and PDMS phases, 
respectively. However, the decreasing trend of the I3 and I4 indicates a smaller amount of o-Ps 
annihilated in both phases.  
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Figure 6.9: Dependence of (a) o-Ps lifetime and (b) intensity on the branching agent content in PDMS-
PBCH copolymers (series F). 
Furthermore, in series F there is a significant increase in the both the τ3 and τ4 (Figure 6.9(a)) 
when the branching agent content increases from 0.1% to 1%, and both remain almost 
constant when the branching agent content increases from 1% to 2%. This can also be seen in 
the radius of the free volumes holes (both R3 and R4), as shown in Figure 6.10. Figure 6.10 
shows the effect of the branching agent content on the radius of the free volume holes. The 
trend of the change in radius appears similar to the o-Ps lifetime trend. Although there is no 
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change in the radius of the free volume holes between F-4 and F-5 the fraction of the free 
volume (ffv) (Figure 6.8) does not show steady change, as in the actual free volume (fv) and 
the lifetime of the o-Ps. This indicates the effect of the intensity of the free volume on the 
free volume fractions and thus effect of the intensity on the glass transition and the 
mechanical properties of the copolymer. 
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Figure 6.10: Effect of the branching agent content on the radius (R) of the free volume holes in series F. 
6.3.3 Glass transition temperature and free volume  
Figure 6.11 shows a comparison between the effect of the PDMS content, PDMS segment 
length and the branching agent content on the free volumes (both fv3 and fv4) and the Tg 
values of the PBCH segment and the PDMS segment in the PDMS-PBCH copolymers. The 
large scattering in the free volumes in the copolymer segments compared with that in the 
homopolymers could be due to uneven sizes and density of the free volume holes in the 
copolymer. 
The agreement between the trends in the Tg values and the free volumes as a function of 
PDMS content can be seen in Figures 6.11(a) and 6.11(b). It is obvious that as the PDMS 
content increases the free volume increases, and thus the Tg values of the PDMS and PBCH 
segments in the PDMS-PBCH copolymers decrease. The increase in the free volume of the 
PDMS phase is clearer than that in the PBCH phase. 
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Figure 6.11: The effects of the PDMS content, PDMS Mn and the branching agent content on the o-Ps 
lifetime and the Tg values of the PDMS and PBCH segments in the PDMS-PBCH copolymers. 
An increase in free volume holes of the PDMS and PBCH segments in the copolymers is also 
observed when the PDMS Mn increases in series D (Figures 6.11(c) and 6.11(d)). This 
increase in the free volume lead to decreases in Tg values of both PDMS and PBCH 
segments. The free volume increases as the PDMS Mn increases first (PDMS Mn increase 
from 1000 to 2000 g/mol) and then remains almost constant, while the Tg of the PDMS 
segment and the PBCH segment decrease as the PDMS segment length increases. However, 
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overall, the change in the free volume holes in both phases as a function of PDMS segment 
length was very clear. In the case of the branched PDMS-PBCH copolymers a good 
agreement is also obtained between the changes in the Tg values of both the PDMS and 
PBCH segments and the change in the free volume holes as a function of branching agent 
content (see Figures 6.11(e) and 6.11(f)). From the above results one can see clearly the 
agreement between the PALS (fv) results and the DMA results (Tg).   
6.4 Conclusions 
The ability to determine the free volume in PDMS-PBCH semicrystalline copolymers using 
the PALS technique was investigated. The free volumes of the PDMS and PBCH 
homopolymers were determined using PALS. The LT spectra were analyzed using the three-
components fit. In the case of the PDMS-PBCH copolymer series, where the three-
components fit becomes meaningless, the LT spectra of the PDMS-PBCH copolymer series 
were analyzed using the four-component fit. The results showed that the mean lifetime of o-
Ps reflects the size of the free volume holes, and the lifetime of o-Ps found to be very 
sensitive to changes in the free volume caused by changes in the molecular structure of the 
copolymers. It also appeared that the crystal structure and the phase separation morphology 
could affect the free volume of the PDMS-PBCH copolymers.  
The free volume in three different series of PDMS-PBCH semicrystalline copolymers was 
determined using the PALS technique. In the first series the PDMS content was varied, in the 
second series the PDMS Mn was varied, and in the third series the branching degree was 
varied. In the first series, it was found that increasing the PDMS content leads to an increase 
in the intensity of Ps and the lifetime of the o-Ps. The results obtained for the second series 
also showed an increasing trend in the intensity and the lifetime of the o-Ps as the PDMS Mn 
increases. In the third series, however, variation in the branching degree, showed a very clear 
increasing trend in the o-Ps lifetime and decreasing trend in the intensity as the branching 
degree increases.  
The free volume values and the glass transition temperatures of the PDMS and PBCH 
segments in the PDMS-PBCH copolymers showed that the results obtained by using the 
PALS technique are in good agreement with the results obtained by using the DMA 
technique.  
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Abstract 
The surface morphology of the alternating polydimethylsiloxane-
polybutylenecyclohexanedicarboxylate segmented (PDMS-s-PBCH) multiblock copolymer 
(series E) was investigated and compared to their analogies of PDMS-PBCH random 
multiblock copolymer in series C and D. The complex morphology of both copolymers 
(random and alternating) was further investigated using a novel high performance liquid 
chromatography-atomic force microscopy (HPLC-AFM) offline coupling hyphenated 
techniques. The hyphenated coupling techniques were developed to provide information on 
the morphology as a function of the PDMS content and distribution and the copolymer molar 
mass. In these techniques the copolymers were first fractionated, based on their molar mass, 
using size exclusion chromatography (SEC), and based on their chemical composition, using 
gradient elution chromatography (GEC). First hyphenated technique was carried out using 
SEC and AFM, which provides information on the copolymer morphology of each similar 
molar mass fraction (narrow molar mass distribution). The average chemical composition of 
the copolymer was obtained using Fourier-transform infrared spectroscopy (FTIR). Although 
the PDMS segment content along the copolymers molar mass distribution was investigated 
by SEC-LC-transform-FTIR the effect of the PDMS content on the copolymer fractions 
morphology was investigated using AFM. The second hyphenated technique was carried out 
using GEC and AFM, which provides information on the copolymer morphology of each 
similar chemical compositions fraction and narrow PDMS distributions. The spherical 
domains of the PDMS are the dominant type of morphology in all the fractions of the 
copolymers as in the bulk copolymer. In several copolymer fractions, however, the 
morphology showed three phases simultaneously. Other hyphenated techniques of high 
performance liquid chromatography-digital pulsed force mode of AFM (HPLC-DPFM-AFM) 
were proposed. Here the collected fractions from both SEC and GEC were subjected to 
adhesive force mapping using the pulsed-force mode of the AFM. This provides a new type 
of two-dimension separation of the copolymers: in the first dimension the copolymers 
separated using HPLC (either SEC or GEC) and in the second dimension the adhesive force 
of each copolymer fraction was mapped to obtain distribution based on the adhesive force of 
that fraction. 
Keywords: PDMS copolymers, SEC-LC-transform-AFM, GEC-LC-transform-AFM.   
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7.1 Introduction 
The complexity of block copolymers (particularly multiblock copolymers) has forced 
polymer science researchers to seek new analytical techniques that are capable of giving a 
more detailed picture of the copolymer characteristics, such as microstructure, composition, 
properties and morphology. Fractionation of a copolymer gives fractions with defined 
distributions (mainly molar mass or chemical compositions) and allows for subsequent 
physical or chemical testing of the respective fractions. It is a valuable and widely used 
technique.1 One of the most useful and effective ways of performing fractionations on 
copolymer systems is by using chromatographic systems. This is due to its speed and high 
resolving power.2,3 The chromatography process may be defined as those in which the solute 
is transferred between two phases, one of which is stationary and the other moving, often 
traversing a long tube called a column.4 Three main forms of liquid chromatography (LC) 
have been used in the past to fractionate polymers: SEC, LC-CC and GEC.5,6 Both the 
chromatography systems that were used in this study (SEC and GEC) were discussed in detail 
in Section 2.5.   
In order to characterize heterogeneous copolymers it is necessary to separate not into unique 
molecules into a series of narrower molar mass distribution fractions. This is required in 
order to obtain a more detailed picture of the copolymer structure. These separated fractions 
may be required for further analysis such as the chemical composition or the microstructure 
investigate by a wide range of techniques such as Fourier-transform infrared spectroscopy 
(FTIR).7-9 
Incorporation of PDMS into polyesters has been shown to yield several attractive properties 
while retaining many of the excellent properties of the corresponding homopolymers.10 Two 
different experimental procedures were used in this work to synthesize multiblock segmented 
polydimethylsiloxane-polybutylenecyclohexanedicarboxylate (PDMS-s-PBCH) copolymers: 
a one-prepolymer method, based on a method developed by Kiefer et al.,11 and a two-
prepolymer method, based on a method developed by O'Malley et al.12 for PDMS-aliphatic 
polyester copolymer. Depending on the copolymerization procedure a random or perfectly 
alternating multiblock copolymer was obtained. Because the focus of this study is aimed to 
investigate the morphology of the random copolymers only limited study on the surface 
morphology of alternating PDMS-s-PBCH multiblock copolymers was preformed in this 
chapter using AFM. This is done in an attempt to compare their morphology with the 
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complex morphology of the random PDMS-s-PBCH copolymers. However this chapter 
mainly devoted to describe the fractionation of selected samples of both type of the PDMS-
PBCH copolymers, using chromatography techniques and to observe the surface morphology 
of the collected fractions. 
SEC allowed fractionations based on the hydrodynamic volume (molar mass) of the 
copolymers and was coupled to FTIR using a LC-transform device. Using FTIR-LC-
transform technique provides a clear chemical composition characterization of the PDMS-
PBCH copolymers at specific molar mass distributions. GEC profile of THF and hexane 
solvents was also developed to be suitable for the PDMS-s-PBCH copolymer systems. GEC 
technique was used to fractionate based on the chemical compositions of the copolymers and 
also used to confirm the copolymer formation and purity as was discussed in Chapter 3. 
Moreover, the fractionated copolymers, which were deposited directly on the germanium disc 
were redissolved and divided either into three fractions based on the molar mass or into two 
fractions based on the chemical composition. The redissolved polymers were used to make 
new thin films. Morphological characterization of the thin films of the copolymer fractions 
was carried out using the AFM technique in tapping mode. These offline coupling 
hyphenated techniques between the HPLC and the AFM were developed to provide 
morphology information as a function of the PDMS distribution or the copolymer molar mass 
and PDMS content, and they can be extended to be used for other copolymer systems. They 
also allow for morphology comparison between the bulk morphology of the copolymer and 
the fractions morphologies. 
One selected sample of the PDMS-s-PBCH copolymer was fractionated and its collected 
fractions were subjected to adhesive force mapping (without redissolving the fractions) using 
the pulsed-force mode of AFM. This offered a new type of hyphenated techniques that can 
give two-dimensional distribution of the copolymers. The first distribution was created by the 
physically fractionate the copolymers using HPLC (either SEC or GEC) and from which, six 
and nine fractions were collected from SEC and GEC, respectively. The second distribution 
was created for each copolymer fraction obtained from the HPLC by mapping and 
distributing the adhesive force to from adhesive force distribution of that fraction. The 
adhesive force distribution is closely related to the chemical composition distribution of the 
copolymer surface.        
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7.2 Experimental 
7.2.1 PDMS-s-PBCH samples 
The alternating PDMS-s-PBCH copolymers (series E) were characterized in Chapter 3. 
Although the term alternating is used to describe series E copolymers, the copolymers chains 
of this series might content part with various PBCH segment lengths as discussed in Section 
3.3.2.2. The relevant characteristics for this chapter of the selected copolymers for 
chromatography fractionations are summarized in Table 7.1.  
Table 7.1: The characteristics of the PDMS-s-PBCH copolymers with 2000 g/mol PDMS Mn 
Sample PDMS in feed (wt %) 
PDMSa   
(wt % )  
PDMS-PBCH 
Mnb (g/mol ) 
Crystallinity 
ωm
c     (%) 
Crystallinity 
ωmPES  (%) 
C-2 10 9.2 17171 16.4 18.0 
C-3 25 22.7 20239 14.1 18.2 
E-2 10 13.1 18235 17.8 20.5 
E-3 25 27.2 17420 15.2 20.8 
a
 PDMS content in the copolymer determined using 1H-NMR   
b
 Copolymers molar mass determined using SEC  
c
 Degree of crystallinity determined using WAXD 
Samples C-2 and C-3 are random PDMS-s-PBCH copolymers with PDMS segment length of 
2000 g/mol. On the other hand samples E-2 and E-3 are alternating PDMS-s-PBCH 
copolymers with PDMS and PBCH segment lengths of 2000 and 940 g/mol, respectively. 
The degree of crystallinity of both E-2 and E-3 was determined using WAXD in the same 
manners as the random PDMS-s-PBCH copolymers described in Section 4.3.1. 
7.2.2 Characterization techniques  
7.2.2.1 Fractionation by size exclusion chromatography   
SEC analyses were carried out using a dual pump HPLC system comprising of the following 
units: Waters 2690 separation module (Alliance) and Agilent 1100 series variable wavelength 
detector. THF was used as solvent with the flow rate set at 1 mL/min. A Mixed-E column 
packed with Pl gel silica particles (3 µm diameter) was used. The column temperature was set 
at 30 °C. Samples (5 mg/mL) were prepared in THF. 
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7.2.2.2 Fractionations by gradient elution chromatography  
GEC was used to monitor the chemical composition of PDMS-PBCH copolymers by 
fractionation using a mixture of THF and hexane as eluant with a flow rate of 1 mL/min. The 
solvent gradient profile used for all GEC analyses was illustrated in Section 3.2.5.5. The 
separation was performed on the same a dual pump HPLC used for fractionation by SEC 
(Section 7.2.2.1). 
7.2.2.3 SEC-LC-FTIR analysis 
SEC-LC-transform-FTIR analysis was performed to determine the PDMS content throughout 
the copolymer samples. Separation according to molar mass by SEC was the first step of 
SEC-LC-transform-FTIR. In the second step of SEC-LC-transform-FTIR fractions are 
automatically deposited on a germanium disc. The germanium disc was then inserted into a 
FTIR spectrometer for chemical composition analysis. From the obtained FTIR spectra a 
profile of the PDMS content as a function in the molar mass distribution of the copolymer is 
created. The infrared spectra were obtained with a Perkin Elmer 1650 FTIR. 
7.2.2.4 Surface morphology investigation of the PDMS-s-PBCH copolymers  
All AFM images were obtained on a multimode AFM that described in Section 4.2.2.4 using 
a low resonance frequency silicon cantilever with a resonance frequency of about 60 kHz and 
a spring constant of  k = 50 N/m. All experiments were carried out under ambient conditions. 
The scan rate was set in the range of 0.5 to 0.7 Hz. All AFM images were enhanced in the 
Veeco imaging software program and subjected to a plane fitting and flattening procedure, 
which eliminates the image bow resulting from non-linear scanner movement. Additionally, 
digital filtering was carried out to remove noise and clarify the structures present in the 
image. Only noise and image artefacts were eliminated using lowpass filtering. The typical 
sequence of the applied image treatment was: auto-flattening, planefit, and lowpass filtering. 
In order to collect fractions for AFM analysis, from both the chromatography fractionation 
techniques (SEC and GEC), an LC-transform supported with a germanium disk was used. 
Small pieces of mica approximately 5 x 5 mm2 were attached to the germanium disk and the 
eluted samples were collected on the mica pieces. Each eluted copolymer sample from the 
SEC system and GEC system was collected on two or three mica pieces, according to the 
broadness of the distribution. When the copolymer was fractionated based on the molar mass 
three fractions were collected whereas only two fractions were collected when the copolymer 
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was fractionated based on the chemical composition. Due to the rough surface of the directly 
deposited films (which prevented direct morphology imaging) all the fractions were 
redissolved and smooth thin films were made from samples of 0.5% in THF. These smooth 
thin films were placed in a vacuum oven at 25 °C for 24 h before the surface morphology 
investigation was carried out using AFM. One of the selected copolymers was fractionated 
and its collected fractions were subjected (without redissolving) to adhesive force mapping 
using pulsed-force mode of the AFM in order to relate the results of more than three adhesive 
force fraction measurements to the elution time. Thus the adhesive forces on nine different 
areas on the eluted copolymers surface were carefully measured. A typical example of the 
AFM adhesive force image of a PDMS-PBCH copolymer and the corresponding distribution 
histogram is shown in Figure 7.1.  
 
Figure 7.1: Typical example of the AFM adhesive force image of a PDMS-PBCH copolymer and the 
corresponding voltage distribution histogram.  
The distribution histograms are calculated automatically during sample scanning. The 
adhesive force (F) is calculated using the following equation: 
F = V x k x S             [Eq 7.1] 
where V is the average voltage value from the adhesion images, k is the spring constant of the 
AFM cantilever (2.8 N/m)  and S is the sensitivity of the photodiode (500 nm/V). The V 
value is obtained for each AFM image by using bearing analysis (it is a method of plotting 
and analyzing the distribution of surface height over a sample). The average of the adhesive 
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force was determined as an average of five adhesion images: each image of these images 
consists of 256 x 256 single measurements in the observed areas of approximately 2 x 2 µm2. 
All measurements were carried out under the same conditions. The distribution histograms of 
the adhesive force images were calculated using Eq 7.1 and the voltage distribution 
histograms. 
7.3 Results and discussion 
Before commencing with this section, it is considered necessary to mention three important 
points. First, the initial PDMS content in the copolymerization feed are used in the discussion 
for the sake of simplicity. Second the discussion of the surface morphology of the obtained 
fractions is limited to only the phase images of the AFM, due to the limited information that 
can be obtained from the height images of the AFM (as was elaborated in Section 4.3.2). 
Third, the GEC results were discussed in details in Chapter 3. 
7.3.1 Surface morphology of alternating PDMS-s-PBCH copolymers  
Figure 7.2 shows the AFM phase images obtained for the alternating PDMS-s-PBCH 
multiblock copolymers. In the case of 5 wt % PDMS content copolymer (E-1) (Figure 7.2(a)) 
small spherical domains were observed. The average diameter of these domains is 
approximately 25 ± 5 nm. In contrast to the random PDMS-s-PBCH copolymers with 5 wt % 
PDMS content (PDMS Mn 2000 g/mol) (Section 4.3.2) no a spherulitic crystal structure was 
observed for the alternating PDMS-s-PBCH multiblock copolymers. This is attributed to 
either the slightly high PDMS content in the alternating copolymers or the fact that the one-
prepolymer method may allow the PBCH segment in the copolymer chain to grow with 
randomly and short and very long chains can be formed, with no interruption by PDMS 
segments. The very long PBCH segment length can be sufficient to allow the PBCH segment 
to fold in a lamella crystal order and then to form a spherulitic structure. This is not likely to 
occur for the alternating copolymers with a relatively short PBCH segment length in the two-
prepolymer method.  
Figure 7.2(b) shows AFM phase images of the 10 wt % PDMS content PDMS-PBCH 
alternating multiblock copolymer. A slightly different morphology to the 5 wt % PDMS 
content copolymer morphology was observed for this higher PDMS content copolymer (E-2). 
Once again, spherical of PDMS domains appear in the phase images with average diameter of 
approximately 40 ± 10 nm. The bright areas that appear in Figure 7.2(b) for the alternating 
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PDMS-s-PBCH multiblock copolymers with 10 wt % PDMS (PDMS Mn 2000 g/mol) could 
be either remains of PBCH homopolymer or crystalline PBCH segments in the copolymer 
that are confined in the matrix of the amorphous phase of the copolymer in the form of 
crystalline domains (a height variation effect is also possibility). A similar type of bright 
areas was attributed to crystalline domains of polybutyleneterephthalate when 
polybutyleneterephthalate polyethylene oxide PDMS multiblock copolymers were 
investigated using AFM tapping mode by Dahrouch and coworkers.13  
a)   b)   
c)   d)   
Figure 7.2: AFM phase images of thin films of PDMS-PBCH alternating multiblock copolymers: (a) 5 wt 
% PDMS (PDMS Mn 2000 g/mol) (b) 10 wt % PDMS (PDMS Mn 2000 g/mol) (c) 25 wt % PDMS (PDMS 
Mn 2000 g/mol) (d) 10 wt % PDMS (PDMS Mn 1000 g/mol). 
The spherical PDMS domains were also observed for the other alternating PDMS-PBCH 
multiblock copolymers E-3 and E-4 as shown in Figure 7.2(c) and Figure 7.2(d) respectively. 
The average diameter of the PDMS domains was increased to 60 ± 10 nm as the PDMS 
content increased to 25 wt % (PDMS Mn 2000 g/mol) in the E-3. The only possible 
explanation for the increase in the PDMS domain size is the possibility of PBCH segment is 
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trapped inside. Although the length of the PBCH segment in this copolymer can not be 
shorter than 940 g/mol but because of the large length of the PDMS segment (2000 g/mol) 
the PBCH link between two PDMS molecules can easily trapped in between and thus inside 
the PDMS domains, which increase the PDMS segment length drastically to 7000 g/mol. 
When the PDMS segment length decreased to 1000 g/mol (10 wt % PDMS) in the E-4 the 
average diameter of these domains became approximately 20 ± 5 nm. All the alternating 
PDMS-s-PBCH copolymers showed PDMS spherical domains with average diameters 
smaller than that observed for their analogies of random PDMS-s-PBCH copolymers 
(Sections 4.3.2 and 5.3.2). This can be attributed to the restriction of the PDMS segment 
movement in the alternating PDMS-s-PBCH copolymer chains created as a result of the 
relatively constant length of the PBCH segment with minimum length (Mn) of 940 g/mol. 
Obviously this restriction of the PDMS segment movement becomes less in the random 
PDMS-s-PBCH copolymers, in which the length of the PBCH segment may go down to only 
one repeating unit of ester.  
The variation in the synthesis method leads to different surface morphologies for several 
random and alternating PDMS-s-PBCH copolymers, while the same type of morphologies 
was obtained for others. In order to fully understand the complex morphology of the PDMS-
s-PBCH copolymers four copolymers were selected for investigations (see Table 7.1): two 
samples with different surface morphologies (C-2 and E-2) and two samples with similar 
surface morphologies (C-3 and E-3). 
7.3.2 HLPC-LC-transform-AFM investigation of PDMS-PBCH copolymers  
Figure 7.3 illustrates the SEC-LC-transform-FTIR results for a random PDMS-PBCH 
copolymer with 10% PDMS content (sample C-2). The Gram-Schmidt plot that obtained 
after SEC fractionation is overlaid with the Si-O/C=O ratio. The Si-O band is at 1051 cm-1 
and C=O band is at 1730 cm-1 wavelengths. The result shows that in this sample the low 
copolymer molar mass fraction contains more PDMS (Si-O/C=O) than that the higher molar 
mass fraction. Figure 7.3 also shows the surface morphology of the fractions collected from 
SEC for this PDMS-PBCH copolymer. The fractions surfaces were imaged via tapping mode 
AFM at ambient temperature. Only the resulting phase images are shown here. The 
thermodynamic incompatibility of the PDMS soft segment and the PBCH hard segment 
results in a two-phase microstructure as discussed previously in Chapter 4 and 5. Spherical 
domains of PDMS are observed in the surface morphology of all the fractions. It is interesting 
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to note the pattern or the order that can be seen in the first fraction, which has a high molar 
mass, and a low PDMS content determined from the FTIR results. A similar pattern of order 
has been reported for the bulk morphology of other di-block and tri-block copolymers.14-16 
Thus this order or pattern here indicates that the main bulk of this fraction most likely 
consists of PDMS-PBCH di-block or tri-block copolymers. Although similar spherical PDMS 
domains were observed for the unfractionated copolymer (see Section 4.3.2), this type of 
order has not been seen for C-2 copolymer without using sample fractionations techniques.   
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Figure 7.3: A Gram-Schmidt plot overlaid with the ratio of Si–O/C=O FTIR bands and AFM images for 
each assigned fraction of a random PDMS-PBCH multiblock copolymer with 10 wt % PDMS content. 
Figure 7.4 shows the results obtained when the copolymer was fractionated by GEC, based 
on the chemical composition. The obtained surface morphology shows large PDMS domains 
in a rich PDMS fraction (first fraction in Figure 7.4). The sizes of these domains appear 
larger than that of the PDMS domains in the fractions obtained from SEC fractionation of this 
copolymer. In this image some of the domains begin to connect with each other, which was 
not observed in the bulk morphology of this copolymer in Section 4.3.2. This eventually will 
lead to a change in the type of morphology from spheres to a bicontinuous phase, as will be 
discussed later in this section for the 25 wt % PDMS content copolymer.  
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Figure 7.4: GEC result for PDMS, PBCH homopolymers and a random PDMS-PBCH multiblock 
copolymer with 10 wt % PDMS content and AFM images for each assigned fraction of the copolymer 
(Chapter 3). 
Figure 7.5 shows the SEC-LC-transform-FTIR results (plotted as Gram-Schmidt plot) and the 
surface morphology of the collected fractions for alternating PDMS-s-PBCH copolymers 
(sample E-2) with 10 wt % PDMS content. In this copolymer the ratio of Si-O/C=O, which 
illustrates the PDMS content across the copolymer molar mass distribution, shows no 
significant change in the PDMS content as the Mn of the copolymer changes. This indicates 
that all the copolymer chains have relatively the same PDMS content, as is expected for 
alternating copolymers. The two phase structures of the PDMS domains dispersed in a 
continuous PBCH hard phase were evidenced by AFM observation. Figure 7.5 shows the 
PDMS domains on the surface in the AFM phase images that correspond to both high and 
medium molar mass fractions (first fraction and second fraction in Figure 7.5 respectively). 
These fractions were obtained when the 10 wt % PDMS content alternating PDMS-s-PBCH 
copolymers were fractionated, based on the molar mass. 
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Figure 7.5: A Gram-Schmidt plot overlaid with the ratio of C=O/Si–O FTIR bands and AFM images for 
each assigned fraction of alternating PDMS-PBCH multiblock copolymer with 10 wt % PDMS content. 
In the low molar mass fraction (third fraction), however, in addition to the PDMS domains, 
very bright domains are also observed. These bright domains have relatively irregular sizes 
and are not uniformly distributed in the PDMS-s-PBCH copolymer amorphous matrix. These 
domains could be either due to the height variation effect or due to the presence of crystalline 
phase. The crystalline phase in this case might be from remains of PES homopolymer or PES 
segment in the copolymers. A similar type of morphology for the unfractionated copolymers 
was observed (Figure 7.2). However, here the bright domains seem to be much smaller and 
can be seen much clearer. The PDMS-PBCH copolymer matrix in several areas in the low 
molar mass fraction image also shows a secondary morphology looks like worm morphology 
or lamella-like morphology. This type of morphology seems to be similar to the type of 
morphology that usually obtained from di and triblock copolymers. In fact the low molecular 
mass alternating PDMS-PBCH copolymer fraction can be made of a di or triblock copolymer 
molecules.  
Chapter 7: Copolymers Morphology and HPLC-LC-AFM Hyphenated Technique 

 
 
190 
Figure 7.6 shows GEC analysis of the sample E-2. The small peak at a retention time of about 
18 min corresponds to a small amount of PBCH homopolymer still present in the copolymer. 
In the AFM image of the rich PBCH fraction the matrix of the PDMS-PBCH copolymers also 
shows some lamella morphology, which was described in low molecular mass fraction in 
Figure 7.5 as an attempt of forming lamella morphology, which interrupted with the bright 
domains. Although the PBCH has been removed from the fractionated copolymers, the bright 
domains still appear in the phase image of the second fraction in Figure 7.6. This proves that 
these bright domains are in fact not crystalline domains of PBCH homopolymers. This leaves 
only two possibilities can be used to explain the nature of the bright domains. These are: 
amorphous copolymer with various height or crystalline domains of PBCH segment in the 
copolymer chains. In the case of the latter possible explanation this type of morphology can 
be modelled by the fringed-micelle model very easily as shown in Figure 7.7.  
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Figure 7.6: GEC results and AFM images for each assigned fraction of alternating PDMS-PBCH 
multiblock copolymer with 10 wt % PDMS content (Chapter 3). 
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Figure 7.7: Schematic representation of the fringed-micelle model, showing the crystallinity of PBCH 
segments in the PDMS-PBCH copolymers. 
Figure 7.7 shows clearly that the PDMS segment in the copolymer chains are disrupting the 
large crystal order of the PBCH segment in this copolymer and the small length of the PBCH 
segment also leads to the creation of small domains of PBCH crystals in the matrix of the 
PDMS-s-PBCH amorphous phase.  
Figure 7.8 shows the Gram-Schmidt plot overlaid with the ratio of Si–O/C=O FTIR bands of 
the random PDMS-PBCH when the PDMS content was increased to 25 wt % in the 
copolymer (sample C-3). The PDMS content along the molar mass distribution of the 
copolymer seems to be relatively constant, but they do not necessarily have a similar 
distribution along the copolymer chains. Figure 7.8 also shows the surface morphology of the 
PDMS-PBCH fractions obtained from AFM. In this copolymer (C-3) all the collected 
fractions from the SEC-LC-transform show morphology similar to the morphology of the 
bulk copolymer (Section 4.3.2). The PDMS domains can be seen for the fractions as for the 
bulk in the polyester matrixes. On the other hand when the copolymer is fractionated based 
on the chemical composition (Figure 7.9); bright domains were observed as well in the low 
PDMS content fraction. Once again these bright domains might be either due to the height 
variation effect or due to PBCH crystalline segments in the copolymers. Furthermore the 
DSC and WAXD results discussed earlier in Section 4.3.1 and Section 5.3.1 provides 
conformation of the presence of such crystalline phase in the unfractionated copolymers and 
the observation of the PBCH crystalline phase in several fractions of fractionated copolymers 
implies the existence of this PBCH crystalline phase in the unfractionated copolymer as well. 
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Figure 7.8: A Gram-Schmidt plot overlaid with the ratio of Si–O/C=O FTIR bands and AFM images each 
assigned fraction of a random PDMS-PBCH multiblock copolymer with 25 wt % PDMS content. 
Once again this type of morphology can be modelled by the fringed-micelle model (shown in 
Figure 7.7). However, close look in the rich PBCH copolymer fraction (Figure 7.9) also 
revealed the lamella morphology interrupted with the segregation of the PDMS in to 
spherical domains and also with the bright domains, which are more likely related to the 
PBCH crystalline regions. The rich PBCH copolymer image shows a poorly ordered 
microphase-separated structure resembling more ordered type of structure that can be 
typically obtained from diblock copolymers. Although it is well known that the most 
important driving factor for the phase separated morphologies in the PDMS-organic 
copolymers is the low solubility parameter of the PDMS compared with that of the organic 
segment (δ = 7.3–7.5 Cal½cm-3/2),17 the crystallization of the PBCH segment in the 
microdomain can also be considered to be another driving force for the phase separation in 
the PDMS-PBCH semicrystalline system. In this case, due to the low glass transition 
temperature of the PDMS segment, the crystallization of the PBCH segments will be 
confined within nanoscale domains. The crystallization in nanoscale domains has been 
reported in literature for diblock copolymers with strongly segregated systems with rubbery 
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blocks.18-20 Although the fascinating morphology of the three phases has been observed in 
several of the unfractionated copolymers, none is as clear as shown in the fractionated 
copolymers. This is a clear indication of the advantages of using the newly proposed HPLC-
LC-transform-AFM offline hyphenated techniques for investigating the complex morphology 
of multiblock PDMS copolymers.  
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Figure 7.9: GEC results and AFM images for each assigned fraction of a random PDMS-PBCH 
multiblock copolymer with 25 wt % PDMS content (Chapter 3). 
Figure 7.10 shows SEC-LC-transform-FTIR results for the alternating multiblock copolymer 
with 25 wt % PDMS content (sample E-3). There is a slight increase in the average PDMS 
content in the low molar mass fractions of the copolymer. Consistently, the AFM phase 
images show spherical domains of PDMS in the amorphous lamella morphology of PDMS-s-
PBCH copolymer matrix. Although the PDMS content is high in this fraction the bright 
domains are still seen. This illustrated the fact that in the copolymer chains themselves there 
is a phase separations as can be detected from the presence of three type of morphology in the 
same image.   
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Figure 7.10: A Gram-Schmidt plot overlaid with the ratio of Si–O/C=O FTIR bands and AFM images for 
each assigned fraction of an alternating PDMS-PBCH multiblock copolymer with 25 wt % PDMS 
content. 
Figure 7.11 shows the GEC results and the surface morphology of the collected fractions for 
alternating PDMS-PBCH copolymers (sample E-3) with 25 wt % PDMS content. Two types 
of morphology are obtained: PDMS domains in a matrix of PBCH for the low PDMS content 
fraction, and the rich PDMS content fraction shows bicontinuous phase type morphology 
with a few PDMS domains scatter in the images as well. Comparison of the fractions 
morphologies in Figures 7.10 and 7.11 with the bulk copolymer morphology in Figure 7.2(c) 
of E-3 copolymer showed largely changes in the morphology as the heterogeneity of the 
copolymer changes.  
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Figure 7.11: GEC results and AFM images taken for each assigned fraction of an alternating PDMS-
PBCH multiblock copolymer with 25 wt % PDMS content (Chapter 3). 
7.3.3 Adhesive force investigation of PDMS-PBCH copolymer fractions  
Another new hyphenation technique is proposed, namely the HPLC-DPFM-AFM technique. 
In this technique the collected fractions from the HPLC system (using either GEC or SEC) 
are subjected to adhesive force mapping using the pulsed-force mode of the AFM. The results 
obtained from the GEC-DPFM-AFM technique are presented in Figures 7.12–7.14 for a 
selected random PDMS-PBCH multiblock copolymer with 10 wt % PDMS content. This 
sample was chosen to be presented as a typical example of the adhesive force investigation of 
PDMS-PBCH copolymer fractions for three reasons. First, the most obvious reason is due to 
the representative results that were obtained for this sample using this technique. Second, a 
variety of morphologies were recorded for this copolymer from the previously mentioned 
hyphenated technique. Third, it is necessary to have a relatively large variation in the PDMS 
content along the molar mass distribution in order to illustrate the validly of using the 
adhesive force measurement to indicate the chemical composition change on the copolymer 
surface.  
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Figure 7.12 shows the average adhesive forces for each copolymer fraction, and the PBCH 
and PDMS homopolymers, calculated using Eq 7.1. Although the average value of the 
adhesive force is easily measured for each fraction, a more refined statistical approach can be 
used. This uses the displayed histogram with bearing analysis, and is calculated using Eq 7.1 
and the voltage distribution histograms. 
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Figure 7.12: GEC-DPFM-AFM results for a PDMS-PBCH random multiblock copolymer with 10 wt % 
PDMS content. 
The histogram of the adhesive force shown in Figure 7.13 reveals the adhesive force 
distribution on the surface of each fraction of the copolymers from 256 x 256 single 
measurements. The adhesive force of each copolymer fraction was mapped and distributed 
automatically based on the adhesive force to produce the histogram of the adhesive force 
distribution. The histogram in fact shows the chemical distribution on the surface of each 
fraction. It is clear that some fractions have broader distribution than others, which indicates 
that the broader the distribution is the greater is the variation in chemical composition and 
functional groups in the sample.   
Using a Gaussian fit the broadness of the adhesive force distribution peaks was quantified 
using the full width at half maximum (FWHM) values. The obtained results are presented in 
Table 7.2. The broadest fraction is fraction-6 and the narrowest fraction is fraction-2. The 
PDMS homopolymer shows the smallest FWHM value, indicting that it has the narrowest 
broadness as would be expected.  
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Figure 7.13: Adhesive force distribution of the PDMS and PBCH homopolymers and six fractions of 
PDMS-PBCH random multiblock copolymer with 10 wt % PDMS content obtained from the SEC-
DPFM-AFM. 
Figure 7.13 also shows the adhesive force distribution of both PDMS and PBCH 
homopolymers. All the adhesive force distributions of the fractions are situated between the 
maximum (PBCH) and the minimum (PDMS) distributions of the homopolymers and are 
shifted towards the PBCH as the PBCH content increases in the copolymers. Significantly, 
however, all the copolymer fractions distributions show some overlapping with the PDMS 
distribution. The overlapping can be clearly seen in the 2D plot (Figure 7.14).       
Table 7.2: FWHM of the PDMS the PBCH homopolymers and the C-2 copolymer as well as the HPLC-
DPFM-AFM fractions adhesive force distribution peaks 
GEC-DPFM-AFM  SEC-DPFM-AFM 
Fraction no. FWHM Fraction no. FWHM 
PDMS 15 Fraction-1 43 
Fraction-1 40 Fraction-2 52 
Fraction-2 37 Fraction-3 45 
Fraction-3 39 Fraction-4 61  
Fraction-4 47  Fraction-5 42 
Fraction-5 42  Fraction-6 34 
Fraction-6 50  Fraction-7 31 
PBCH   37 Fraction-8 28 
- - Fraction-9 38 
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Figure 7.14 shows the contour plots of the adhesive force and the retention time of each 
fraction obtained from GEC. PDMS and PBCH homopolymers are also included in the 2D 
plot. The fact that three complete separated distributions were observed confirms the PDMS-
PBCH copolymers formation. The increase in the adhesive force as the retention time 
increases (indicated by the white line in the 2D plot) shows that the copolymer has been 
fractionated based on the chemical compositions.  
Fraction-6 obtained from GEC-DPFM-AFM shows the largest FWHM, which illustrates the 
variety of the chemical composition of this fraction. The largest FWHM can also be seen 
from the broadness of the PDMS-s-PBCH distribution in the right side when it is compared 
with the left side of the PDMS-s-PBCH distribution. The high PDMS content copolymer at 
lower retention time has an average adhesive force and distribution relatively similar to that 
of the PDMS homopolymer. This indicates that in this fraction PDMS is dominant on the 
copolymer surface. With decreasing the PDMS content (large retention time) the broadening 
of the adhesive force distribution shifted toward that of the PBCH homopolymer indicating a 
less dominants PDMS on the copolymer surface.    
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Figure 7.14: 2D plot of the GEC-DPFM-AFM results of sample C-2 associated with both homopolymers. 
Figure 7.15 shows a typical example of SEC-DPFM-AFM results for a PDMS-PBCH random 
multiblock copolymer with 10 wt % PDMS content. The results of the average adhesive force 
values of the fractions are compared with the ratio of the Si-O/C=O obtained from the FTIR 
analysis that were previously presented in Figure 7.3. The comparison shows that the PDMS 
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content along the copolymer molar mass distribution is in relatively good agreement with the 
obtained average adhesive force values. 
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Figure 7.15: SEC-DPFM-AFM results for a PDMS-PBCH random multiblock copolymer with 10 wt % 
PDMS content. 
Using the SEC-DPFM-AFM hyphenated technique, the C-2 copolymers were investigated. 
First the copolymer was fractionated in the HPLC system based on the molar mass 
(hydrodynamic volume). Then the adhesive force on the surface of the HPLC collected 
fractions were mapped and distributed as is illustrated in Figure 7.16, to create adhesive force 
for each fraction.  
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Figure 7.16: Adhesive force distribution of nine fractions of PDMS-PBCH random multiblock copolymer 
with 10 wt % PDMS content obtained from the SEC-DPFM-AFM. 
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The broadness of the adhesive force fractions that collected from SEC are also tabulated in 
Table 7.2. It is clear that the FWHM for fraction-4 is the largest of all the SEC fractions, 
which illustrates the variation of the chemical composition of the surface of the copolymer 
fractions. This also indicates that all the fractions consist of copolymer chains with varying 
PDMS content, which is a clear indication of the heterogeneity of this copolymer across the 
molar mass distribution. Therefore in the proposed (HPLC-DPFM-AFM) system, the data is 
collected and distributed to create new distribution of the fraction based on the adhesive force 
or the chemical composition, without the need for fractionation the copolymer on a 
preparative scale. 
7.4 Conclusions  
The surface morphology of the alternating PDMS-s-PBCH multiblock copolymer (series E) 
was investigated and compared to their analogies of random PDMS-s-PBCH multiblock 
copolymer in series C and D using AFM techniques. Similarly to the case of the PDMS-
PBCH random multiblock copolymer, the AFM findings showed that the microphase 
separation occurred on the surface morphology of alternating PDMS-s-PBCH multiblock 
copolymers. The microphase separation here manifested in spherical micro-domains of 
PDMS types of morphology. The size of the PDMS domains increased as the PDMS content 
and molar mass increased, similar to the case in the random PDMS-PBCH copolymers.  
In this chapter the complex morphology of both type of the PDMS-PBCH copolymer was 
further investigated using a new analytical technique. The PDMS-PBCH copolymers were 
fractionated using two different developed chromatography techniques: size exclusion 
chromatography and gradient elution chromatography. The PDMS content along the molar 
mass distribution was investigated using SEC-FTIR by off-line coupling techniques. 
Moreover, in this chapter a better understanding for the complexity of the morphology of the 
PDMS-PBCH multiblock copolymers was obtained using two new HPLC-AFM offline 
coupling techniques hyphenation. The two novel hyphenated offline coupling techniques 
were developed to provide morphology information as a function of PDMS distribution or 
copolymer molar mass and the PDMS content, namely SEC-AFM and GEC-AFM. These 
novel techniques provide a new way to study the morphology as a function of the copolymer 
molar mass (SEC-AFM) and as a function of the chemical composition (GEC-AFM). 
Although the fractions morphology of the investigated copolymers using, SEC-AFM did not 
show a very big or a significant change in the morphology, all the fractions morphology using 
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GEC-AFM did indeed show distinct differences in morphology. The morphology that 
observed in this chapter using the HPLC-AFM hyphenated techniques was much clearer than 
in the unfractionated copolymers using traditional techniques. However, the distinctive 
morphologies of lamellae order and the coexisting of more than of the bright domains in 
addition to the PDMS domains in a matrix with lamellae order were not observed in the 
previous chapters.  
Furthermore, a new hyphenated technique of HPLC-DPFM-AFM was also proposed here. In 
the HPLC-DPFM-AFM hyphenated technique the collected fractions from the HPLC (either 
SEC or GEC) were subjected to adhesive force mapping using the digital pulsed-force mode 
of the AFM. This technique propose a two dimensions distribution of the copolymers in the 
first dimension the copolymers fractionated in HPLC column and the variation in the 
adhesive force of each collected fraction was measured and distributed based on the adhesive 
force to produce the adhesive force distribution for each fraction.  
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This chapter includes two main sections: conclusions that were drawn from this investigation 
and recommendations for future work. The conclusions are divided into two main parts: first 
the synthesis, characterization and properties of the copolymer, and second, the morphology 
investigation using traditional techniques and the new novel hyphenated techniques. 
8.1 Conclusions 
8.1.1 Synthesis, characterization and properties of the PDMS-PES copolymers  
In this study five different molar masses of PDMS oligomer were successfully synthesized 
via equilibrium ring-opening polymerization. The PDMS oligomers were used to synthesize 
six series of semicrystalline multiblock PDMS-PES copolymers via a melt transesterification 
process under vacuum conditions. All the polymers obtained were characterized using 
various analytical techniques. The copolymers formation and homopolymer extraction were 
confirmed by developing a gradient solvent profile for GEC analysis.   
Two of the six synthesized PDMS-PES copolymers were of the PDMS-s-PBA copolymer 
series and four series were of the PDMS-s-PBCH copolymers. The two PDMS-s-PBA 
copolymer series were synthesized using a one-prepolymer reaction method, in which the 
PDMS oligomers with constant chain length, and in varying PDMS concentrations, were 
reacted with BD and AA. In the first series the first stage of the polycondensation reactions 
was carried out in bulk, and in the second series in toluene. The results showed that the 
second synthesis method is a much more efficient method, in which higher molar mass 
copolymers and better PDMS incorporations are obtained. 
Two series of PDMS-s-PBCH copolymers were also successfully synthesized via a one-
prepolymer reaction method, by reacting the BD and DMCH in bulk either with constant 
PDMS chain length and varying PDMS concentrations or with different PDMS chain length 
and constant PDMS concentrations. The one-prepolymer method was also efficiently used to 
prepare the PDMS-br-PBCH copolymer series, using various quantities of branching agent 
and constant PDMS concentration and PDMS molar mass. One series of PDMS-s-PBCH 
copolymers was also synthesized using the two-prepolymer method. The reaction was carried 
out between PDMS with ester end groups and PBCH with hydroxyl end group. The segment 
length of PDMS and PBCH were kept constant and the relative composition was varied.   
The results showed that the percentages of unreacted PDMS increased with an increase in the 
PDMS feed content and the PDMS molar mass in all the copolymers series. The PDMS-s-
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PBA series had a higher quantity of unreacted PDMS than the PDMS-s-PBCH series; 
however all the copolymers showed good PDMS incorporation when a higher PDMS feed 
ratio was used. The increase in the quantity of unreacted PDMS with an increase the PDMS 
segment length is attributed to there being fewer functional groups available on the PDMS 
chain to react, as the molar mass of the PDMS increases for a constant weight present. On the 
other hand, the content of the branching agent in the branched copolymers has no clear effect 
on the unreacted PDMS percentages. The increase in the degree of branching as the 
branching agent content increases in the feed was confirmed by SEC-MALLS. The latter was 
used to determine the branching index. The chromatography techniques also showed a 
relatively random distribution of the PDMS segment over the entire molar mass distribution 
of the copolymers in most of the copolymers. DSC and WAXD results showed a significant 
reduction in crystallinity of the copolymers in all the copolymer series as the PDMS content, 
PDMS chain length and branching agent content increased. Due to the higher chain mobility 
of the PBA segment compared with the PBCH segment, the effect of the changes in the 
PDMS content on the crystallinity degree was greater in the PDMS-s-PBCH copolymers 
series than in the PDMS-s-PBA copolymers series. This was also attributed to the large 
difference in the polarity between the PDMS segment and the PBA segment, when compared 
with the PBCH segment, which may lead to a degree of mixing in the PDMS-s-PBCH 
copolymers series. 
Variations in polyester type, PDMS content, segment length and degree of branching resulted 
in marked changes in the surface and bulk morphology, as well as the relative compositions 
of each component at the surface, as revealed from adhesive force measurements. The 
adhesive force results were correlated to the PDMS content in the bulk as well as to the 
PDMS segment length and branching degree. The surface of the PDMS-s-PES copolymers 
showed a very low surface energy compared to the PES homopolymers. The relationship 
between the segmented copolymers, composition and surface roughness generally increases 
with an increase in the PDMS content and the PDMS segment length, as well as the 
branching degree. In all cases a non-linear relationships were obtained.   
8.1.2 Morphology of PDMS-PES copolymers  
Microscopic, spectroscopic and thermal analytical techniques (AFM, TEM, DMA, DSC, 
WAXD and PALS) were used to investigate and identify the morphology of the PDMS-PES 
copolymers. The remarkable changes observed in the properties of PDMS-PES copolymers 
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such as Tg, Tm, surface energy, surface roughness and free volume were attributed to the 
variations in the copolymer morphology in terms of both microphase separation and 
crystallization. Changes in the copolymer morphology were investigated in terms of four 
factors: (1) the PES type (copolymer components), (2) the copolymer composition, (3) the 
length of one segment of the copolymers (PDMS segment length) and (4) the architecture of 
the copolymers (branching agent). The effect of the synthesis method of the copolymers on 
the morphology of selected samples was also investigated. The following conclusions can be 
made: 
1) All the copolymers showed microphase separation as a result of the incompatibility 
between the PDMS segment and the polyester segment. Three types of surfaces and bulk 
morphologies were observed: spherical micro-domains of PDMS in a matrix of polyester, 
bicontinuous double diamond type morphology, and spherical micro-domains of polyester in 
a matrix of PDMS as the PDMS content increases. The findings showed that the diameters of 
the PDMS domains increased in proportion to the PDMS segment content and length in the 
segmented copolymers and to the degree of branching in the branched copolymers.  
2) Spherulite crystal morphology was observed on the surface for both PBA and PBCH 
homopolymers and for PDMS-s-PBA and PDMS-s-PBCH copolymers with a 5 wt % PDMS 
content and 2000 g/mol PDMS segment length. It was also observed for a 10 wt % PDMS 
content and 2000 g/mol PDMS segment length for PDMS-s-PBA copolymers. PDMS-s-
PBCH copolymers with 10 wt % PDMS did show spherulite crystal morphology but only 
when the PDMS segment length becomes 1000 g/mol.  
3) PDMS domains were observed around the boundaries of the spherulites and between the 
lamellae crystal structures on the surface of the copolymers that showed spherulite crystal 
morphology. A heterogeneous distribution of the PDMS domains was also observed for these 
copolymers in the bulk morphology as a result of this segregation between the polyester 
lamellae. However, for several other copolymers with high PDMS content or PDMS segment 
length, the PDMS domains can be seen between the lamellae order of the polyester segments, 
in spite the fact that no spherulite was observed on the surface in these PDMS-PES 
copolymers.   
4) The PDMS segment length and the branching degree had an unfavourable effect on the 
crystallization of the PBCH segment. Thus in the high PDMS content or long PDMS segment 
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length segmented copolymers and branched copolymers, the crystalline spherulites 
disappeared, and the morphology became more homogeneous. However, WAXD and DSC 
results showed relatively low degrees of crystallinity for all the segmented and branched 
copolymers series. This indicated that the crystallinity might be confined only in small 
regions. Results obtained when using the new hyphenated techniques for selected samples of 
PDMS-PBCH copolymers indicated small domains of crystalline regions. The crystalline 
domains of PBCH were detected in several fractions of the PDMS-s-PBCH copolymers.  
5) Investigation of the free volume in PDMS-PBCH copolymers, using the PALS technique, 
showed that the mean lifetime of o-Ps reflected the size of the free volume hole. The LT 
spectra of the PDMS-PBCH copolymer series were analyzed using the four-component fit. It 
was proved that the mean lifetime of o-Ps very sensitive to the changes of the free volume 
caused by changes in the molecular structure of the PDMS-PBCH copolymers. The PALS 
results showed that the crystal structure and the phase separation morphology could affect the 
free volume of the PDMS-PBCH copolymers. From the PDMS content dependent 
measurements it was found that increasing the PDMS content leads to an increase in both the 
intensity of Ps and the lifetime of the o-Ps. The findings also showed an increasing trend in 
the intensity and the lifetime of the o-Ps as the PDMS segment length changed. The 
branching degree, however, showed an increase in the o-Ps lifetime and decrease in the 
intensity as the branching degree increases, which is in a very good agreement with the DMA 
results.  
6) A better understanding of the complexity of the morphology of the PDMS-PBCH 
multiblock copolymers was achieved when hyphenation of two new HPLC-AFM offline 
coupling techniques was applied. These novel techniques provide a new way to study the 
morphology as a function of the copolymer molar mass (SEC-AFM) and as a function of the 
chemical composition (GEC-AFM). The distinctive morphology observed only by using this 
technique is the three phase morphology. The three phases were attributed to the PDMS and 
the PBCH amorphous phases and PBCH crystalline phase, which confirmed the DSC and 
WAXD results.  
7) Lastly a two dimensional distribution of the copolymers was created by using another new 
type of hyphenated technique (HPLC-DPFM-AFM). In this hyphenated technique the 
collected fractions from the HPLC (either SEC or GEC) were subjected to adhesive force 
mapping using DPFM-AFM, and distributed based on the adhesive force, to produce the 
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adhesive force distribution for each fraction. Use of these hyphenated techniques can be 
extended to other copolymers, particularly copolymers with segments that have quite large 
differences in the adhesive force values.   
8.2 Recommendations for future work 
Incorporation of functionalized non-polar PDMS into polyesters (and copolyesters) may 
make it possible to upgrade all polyester matrices, particularly in terms of hydrolysis, impact, 
heat, and weather resistance. This can be extended to include relatively polar polyester 
monomers such as polybutyleneterephthalate (PBT). The PBCH-PDMS-PBCH, in this case, 
can be used to improve the compatibility between the polar monomers, of the PBT and the 
non-polar PDMS segments.  
The synthesis of random polydimethylsiloxane-co-polyester of PBCH and PBT copolymers 
(PDMS-PBCH-PBT copolymers) with different PBCH and PBT content and constant PDMS 
content (10 wt %), via condensation polymerization under vacuum, is presented in Appendix 
C. The PBCH led to relative miscibility of the PDMS with the aromatic polyester and, due to 
the hydroxyl termination, covalent incorporation into the polyester backbone was also 
possible. This area needs further investigation, in terms of the copolymers characterization 
and the morphology investigation. The novel morphological investigation techniques that 
were introduced and used in this study could be applied to the PDMS-PBCH-PBT 
copolymers. Demonstration of the use of the GEC analysis for this copolymer is illustrated in 
Appendix C.  
The use of any polymer in applications depends on the polymer properties, which is 
obviously controlled by the polymer morphology. The micro-heterogeneous morphological 
structures of PDMS-copolymers with domain dimensions of several hundred angstroms 
generate many of the novel and useful mechanical and surface properties. Thus the 
improvement of the properties for new applications needs to be investigated. One example is 
included in Appendix D, in which the electrospinning process was applied under different 
conditions for the PDMS-PBCH and PDMS-PBCH-PBT copolymers. As a result of the low 
Tg of the PDMS-PBCH copolymers no stable nanofibres was obtained. However, 
incorporating a PBT segment in the copolymer resulted in significant improvement in the 
nanofiber formation due to an increase in the Tg because of the high Tg of the PBT segment. 
This area of research needs to be further investigated in order to obtained good and applicable 
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nanofibers from these copolymers. These investigations should include consideration of 
copolymers with different PDMS content and PBT content. A morphology investigation of 
the output of the electrospinning should also be carried out, using observation techniques 
other than SEM technique, to investigate the effect of the electrospinning on the copolymer 
morphology. Preliminary studies of the electrospinning of the PDMS-PES copolymer from 
solutions have already shown promising results for the production of nanofibers (see 
Appendix D). 
8.3 Posters and publications  
• Part of this thesis was presented as a poster at the SACI National Convention, which 
took place in Stellenbosch, on 30 November – 5 December, 2008. The poster 
presented under the title of: Synthesis characterization and morphology investigation 
of PDMS-PBCH copolymer. 
• Chapter 4 and small part of Chapter 3 were accepted for a publication and published 
online on 7 October 2009, as an article in the Journal of Applied Polymer Science, 
under the title of: Microscopic surface and bulk morphology of semi-crystalline 
polydimethylsiloxane–polyester copolymers, by ABE Abduallah and PE Mallon, 
{Journal of Applied Polymer Science, 155(3), 1518-1533 (2010)}.  
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Appendix A: PDMS oligomer 
A-1 Example of a calculation of the target molar mass (Mm) of PDMS oligomers1  
In order to prepare a 10 g sample of difunctional PDMS oligomer of 1000 g/mol molar mass 
the following calculation were made: 
1. Quantity of the PDMS oligomer (in mole) is 10/1000 = 0.01 mol 
2. Quantity of end-capping reagent (in mole) required equals to quantity of the PDMS 
oligomer = 0.01 mol  
3. Quantity of end-capping reagent (in grams): 0.01 x 248.3 = 2.5 g  
4. Therefore the quantity of D4 = quantity of PDMS oligomer – quantity of end capping 
reagent: D4 = 10 – 2.5 = 7.5 g   
It is well known from the literature2,3 that the product of the equilibrium ring opening 
polymerization of D4 in bulk is a mixture of linear PDMS with, maximum, 15 wt % cyclic 
molecules. This means the small quantity of D4 that will be used in the formation of the 
cyclic molecules will be: 7.5 x 15/100 = 1.125 g. 
Therefore, the quantity of D4 required yielding approximately 10 g of PDMS oligomer of 
1000 g/mol molar mass is 7.5 + 1.125 = 8.625 g. Using similar calculations the quantity of 
the D4 and the end-capping agent were determined for PDMS oligomers of other molar 
masses. 
A-2 Calculation of PDMS molar mass for 1H-NMR data1  
The molar masses of the resultant amine-terminated polydimethylsiloxane oligomers were 
determined for 1H-NMR data after thermal decomposition of the siloxanolate catalyst and 
removal of the cyclics by distillation. The chemical structure of the PDMS oligomer is shown 
in Figure A.1, as well as typical 1H-NMR spectra of the five synthesized PDMS oligomers. 
The molar mass values were calculated using 1H-NMR spectral data as follows:  
1. Let the sum of the integration of the chemical shifts due to the four –CH2 protons (δ 2.6 
ppm) attached to the chain end = V. Thus integration of the chemical shift for one proton in 
the chain end X = V / 4  
2. The molar mass of the end group is Mm (EG) = 116 g/mol 
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3. Let the integration of the chemical shifts due to the six –CH3 protons (δ 0.07 ppm) attached 
to the backbone = W. Thus the area for one proton in each single repeating unit in the 
backbone is Y = W / 6  
4. The molar mass of the repeat unit SiO (CH3)2 is Mm (RU) = 74.16 g/mol 
5. Immediately at the chain end group one atom of oxygen is missing, as is shown in the left 
side of the PDMS chain in the Figure A.1. 
Therefore the molar mass of one oxygen (O) atom must be subtract from the total molar mass 
Mm (O) =16 g/mol   
6. The Mm was determined by substituting the above values in the following equation, [Eq 
A.1]: 
Mm = [(Y/ X) Mm (RU)] + Mm (EG) – Mm (O)              [Eq A.1] 
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Figure A.1:  1H-NMR spectra of PDMS oligomers of various molar masses.   
A.3 PDMS amino end group deactivation reaction4  
In order to deactivate the NH2 end group of the PDMS oligomer benzophenone was reacted 
with the amine group. This reaction was carried out to avoid possible interference of this 
group with the silica gel that was used as a packing material in the SEC columns, during 
SEC.   
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Approximately 5 x 10-4 mol (1.00 g) of the PDMS oligomer was placed in a test tube with an 
excess of benzophenone (1.2 x 10-3 mol, 0.22 g). Activated molecular sieve were added to 
absorb the water evolved from the reaction, which aided in driving the reaction to 
completion. The test tube was capped with a rubber septum with a needle outlet. The test tube 
was placed in oil bath at 125 °C, and the reaction continued for 12 h. The crude reactor 
product was dissolved in hexane and the excess benzophenone was recrystallized, and 
filtered. 1H-NMR was performed to make sure that the entire NH2 end group was deactivated. 
The products were run through a small laboratory chromatography column and the outcome 
of the column was used in SEC analysis. The size of samples introduced onto the column, 
and the output and the absorbed PDMS, are illustrated in Table A.1. 
Table A.1: The size of samples introduced onto the laboratory chromatography column, and the output 
and the absorbed PDMS  
Sample  PDMS input (mg) PDMS output (mg) Absorbed PDMS (mg) 
1000 90 81 9 
2000 90 83 7 
4000 90 80 10 
7000 90 82 8 
10000 90 81 9 
Figure A.2 shows typical examples of 1H-NMR spectra for deactivated end group of the 
PDMS, (2000 g/mol Mm PDMS oligomer). Spectrum (a) shows the chemical shifts at δ 7.1 – 
7.6 ppm, due to the aromatic group in the oligomer chain end. The decrease in the intensity of 
the chemical shift at δ 2.6 ppm can be used as an indication of the occurrence of the 
deactivation reaction. However, as indicated by the chemical shift at δ 2.6 ppm, some of the 
NH2 end groups were not deactivated. Hence the deactivate reaction was repeated at a higher 
temperature of 140 °C. This lead to a shift the equilibrium of in the reaction towards the 
reaction output (product), and seen clear in spectrum (b). In the spectrum (b) the dramatic 
decrease in the intensity of the chemical shift at δ 2.6 ppm indicates that the reaction has been 
relatively completed successfully.  
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Figure A.2: 1H-NMR spectra of PDMS oligomer (a) after blocking the NH2 end group (at 125 °C), (b) 
after repeating the blocking of the NH2 end group (at 140 °C), and (c) after running the polymer through 
a chromatography column packed with silica gel. 
To ensure that no PDMS with amino end groups was present in the polymer, and avoid the 
possibility of blocking the SEC column, the polymer was run through a chromatography 
column to catch any trace of PDMS with amine end group as it shown in the spectrum (c) in 
Figure A.2. The collected polymer was isolated, and its molar mass determined safely by 
SEC.
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Appendix B: PDMS-PBCH copolymers 
B.1 Determination of the composition of the copolymer 
It was necessary to determine whether if all the PDMS charged to the reactor was actually 
incorporated into the copolymer or not. Thus both PDMS-PBA and PDMS-PBCH 
copolymers were purified using a solvent / non solvent method.  This was performed in two 
steps. In the first step chloroform solvent and a mixture of methanol and isopropanol non 
solvent was used. In the second step THF solvent and hexane non solvent was used. The pure 
copolymers were then dried under vacuum at 40 °C for at least 20 hours. Samples of dry 
copolymers were then dissolved in d-chloroform and analysis by 1H-NMR. The copolymers 
were and Compositions were determined by using the integration of the chemical shifts at δ 
0.07 ppm (I(CH3)PDMS) and the integration of the chemical shifts at δ 4.1 ppm (I(OCH2)HS), 
using equations Eq. B.1 and Eq. B.2. 
XHS = { I(OCH2)HS /4} / { I(OCH2) HS /4+ [I(CH3)PDMS /(6*DPPDMS)]}           [Eq. B.1] 
where XHS is the molar fraction of the polyester hard segment. The molar fraction of the 
PDMS segment is XPDMS = 1 – XHS. In Eq. B.1 the molar fraction was obtained based on one 
mole of PDMS oligomer, with varying degrees of polymerization (DPPDMS): from low Mm to 
high Mm, as follows 13, 26, 46, 82, and 123 unites. The corresponding mass fractions are 
given by  
HS% = [XHS MHS / (XHS MHS + XPDMS MPDMS)] * 100                          [Eq. B.2] 
where HS% is the weight percent of the hard (PBA or PBCH) segments, MHS the molar mass 
of the base unit of the hard segment and MSS the molar mass of the soft PDMS segment.1 The 
MHS PBA or PBCH base units are 190 and 212 g/mol, respectively. The MPDMS ranges from 
1000 to 10000 g/mol depending on the molar mass of the PDMS in the copolymerization 
feed. The weight percent of the soft (PDMS) segments (SS%) = 100 – HS%.  
B.2 Pilot study of the morphology of the PDMS-PES copolymer 
The PDMS-s-PBCH copolymer with 5 wt % PDMS content (unless otherwise stated) was 
selected to be investigated to determine the best conditions of sample preparation for 
morphology investigations. Three methods of film preparation were considered, namely 
casting method, spin coating method and spreading at the air water interface method. Etching 
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treatment for the surface samples also considered. The morphology was investigated using 
AFM and also scanning electron microscope (SEM) for only treated samples.  
B.2.1 Film preparation using the casting method 
Solutions of four different copolymers concentrations were used, 6%, 3%, 0.5% and 0.2%. 
The topography and phase AFM images of the films of the copolymers 6%, 3% and 0.2% are 
shown in Figure B.1. Results obtained for the 0.5% copolymers solutions, which showed 
spherulite crystal structure, were reported and discussed in Section 4.3.2. When more 
concentrated solutions of 6% and 3% copolymers were used, fibrillar morphology or a nano-
ribbon-like structure was formed, as shown in Figure B.1 (a and b) and Figure B.1 (c and d), 
respectively. The type of morphology of the 3% concentration sample can be distinguished 
also as lamella morphology, which seems to be similar to the type of morphology that was 
obtained by Ibarboure et al.2 for pol-γ-benzyl-L-glutamamte-PDMS-pol-γ-benzyl-L-
glutamamte copolymer. In the corresponding height images, in Figure B.1, the individual 
threads or nano-ribbons are not as easily visible as in the phase images. It is important to 
notice that the appearance of the semicrystalline spherulite morphology for PDMS-s-PBCH 
copolymers is critically dependent on the film thickness. 
On the other hand, when a dilute solution was used (0.2%), discontinuous deposits were 
formed, as shown in Figure B.1 (e and f). In order to obtained reliable information about the 
bulk morphology of the sample using AFM surface analyses it was necessarily to obtained 
thin copolymer film as much as possible. By trial and error of different concentrations 
between 3% and 0.2% copolymers, the best thin continues film was obtained from 0.5% 
copolymer concentration. Therefore 0.5% copolymer concentration was used in the 
morphology investigations and films as showed in Chapters 4, 5 and 7.       
Higher magnification of the copolymer films prepared from the 3% solution shows soft 
amorphous spots, as seen in Figure B.2. This is most likely related to PDMS segregation. The 
fact that spherulites and ribbon-like structures as well as small amounts of spherical 
segregations were observed in these copolymers suggests that liquid-liquid demixing had 
occurred, where the major part of the phase-separated PDMS segments seems to be present as 
spheres in-between the crystalline phase of PBCH. 
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a)    b)  
 c)    d)  
  e)     f)   
Figure B.1: Topography and phase AFM images of thin films of PDMS-s-PBCH copolymers with 5 wt % 
PDMS (Mn PDMS 2000 g/mol): copolymer concentrations (a and b) 6%, (c and d) 3% and ( e and f) 
0.2%. 
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a)   b)  
Figure B.2: AFM phase images of thin films of PDMS-s-PBCH copolymers with 5 wt % PDMS content 
and a copolymer concentration 3%, showing PDMS segregation between the nano-ribbon structures. 
B.2.2 Film preparation using the spin coating method 
The spin coating method was also applied to form films from a 0.5% solution PDMS-s-
PBCH copolymer (5 wt % PDMS content). The surface morphology observed in this case is 
illustrated in Figure B.3. This copolymer film exhibited a slightly different surface 
morphology from the films prepared by the casting method. The presence of spherulites was 
detected, as in the case of the casting method (Chapter 4) but here their size is smaller than in 
the case of the cast films.  
a)   b)   
Figure B.3: Topography (a) and phase (b) AFM images of thin films of a PDMS-s-PBCH copolymer with 
5 wt % PDMS obtained from spin coating method . 
The diameters of the spherulites shown in Figure B.3 are 7–10 µm. This morphology most 
probably arises from the spin coating method that brings the system into non-equilibrium 

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conditions, which can significantly slow down the spherulites growth rate, in comparison to 
the casting method, due to rapid solvent evaporation. 
B.2.3 Film preparation using spreading at the air-water interface method  
Using this method a sample of 0.5% PDMS-s-PBCH copolymer (5 wt % PDMS) in THF 
solvent was spread at the air-water interface to form a thin film. Due to the relatively high 
density of the PBCH segment, two layers formed. The first, which is expected to be very rich 
in the PDMS segment, was formed on the top of the water at the air-water interface, and the 
second, which is expected to be rich in polyester segment chains of the copolymers formed at 
the bottom of the beaker. Both layers were collected on freshly cut mica pieces and their 
surfaces imaged using AFM. The results of the morphology of both layers are shown in 
Figure B.4.  
a)   
b)   
Figure B.4: Typical examples of AFM height and phase images for (a) the top layer and (b) the bottom 
layer of PDMS-s-PBCH copolymers with 5% PDMS, obtained for films prepared by spreading at the air-
water interface method.  
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The spherical domains of the PDMS are clearly observed in the top layer in the AFM phase 
images in Figure B.4(a). The bottom layer, which is rich with the PBCH segment, shows 
bright regions. These regions are attributed to the crystalline domains of the PBCH segments. 
B.2.4 Morphology of treated samples               
In the case of PDMS-s-PBCH copolymers (at 5 wt % PDMS content) spherulites and PDMS 
domains between the lamella structures were observed by AFM, without any sample 
treatment. Although DSC results for higher PDMS content copolymers (C-2 sample, 10 wt % 
PDMS) showed a quite high crystallinity degree, the AFM results showed neither spherulites 
nor PDMS domains between the lamellae. Therefore, in order to observe the spherulites and 
the PDMS domains between the lamellae structure HCl vapour was used to etch away the 
amorphous regions on the surface of a thin film that was made using 10 wt % PDMS content 
copolymers. After the etching process the copolymer samples were washed with distilled 
water and then the surfaces of the copolymers were imaged using AFM. The obtained results 
for the 10 wt % PDMS content copolymers are shown in Figure B.5 and Figure B.6 after 
etching for 10 and 24 h, respectively.  
a)    b)  
c)    d)  
Figure B.5: AFM height (a, c) and phase (b, d) images for etched PDMS-PBCH copolymers with 10% 
PDMS content, after 10 h etching. 
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In both cases the height images (Figure B.5 (c) Figure B.6 (a and c)) show the effect of the 
etching as holes, which can be seen as dark spots in the AFM height images. The lamellae are 
clearly shown in Figure B.6 in the phase images b and d. As a result of the high surface 
roughness of the etched copolymer it was very difficult to investigate the rest of the 
copolymers series using the AFM technique. 
a)    b)  
c)    d)  
Figure B.6: AFM height (a, c) and phase (b, d) images of etched PDMS-PBCH copolymers with 10% 
PDMS content, after 24 h etching. 
Thus the surface morphology of ten thin etched films of the PDMS-PBA and PDMS-PBCH 
copolymers were also examined by scanning electron microscopy (SEM), using a Leo® 
1430VP Scanning Electron Microscope (Stellenbosch University). Prior to imaging, the 
samples were sputter-coated with a thin gold layer. The thin films were prepared by casting a 
1 wt % solution of PDMS-s-PES in chloroform, using freshly prepared mica plates as 
substrate. The deposited films were dried under ambient conditions for 24 h before exposing 
the films to HCl vapour for 24 h to etch the amorphous region away.  
Figure B.7 shows SEM images of (a) PDMS-s-PBA and (b) PDMS-s-PBCH copolymers (at 5 
wt % PDMS content). The same type of morphology observed for these copolymers in 
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Section 4.3.2 without surface treatment was observed here after the HCl treatment. However, 
there were two disadvantages in the SEM images. The internal structure of the spherulites 
was clearer in the AFM images than in SEM images, and the effect of the etching on 
degradation of the sample can be also seen (Figure B.7 (b)). 
a)  b)  
Figure B.7: SEM images of thin films of (a) PDMS-s-PBA and (b) PDMS-s-PBCH copolymers with 5% 
PDMS (Mn PDMS segment 2000 g/mol). 
In the case of 10% PDMS-s-PBCH copolymers, after etching the amorphous region away and 
then using SEM analysis, the spherulitic crystal structure was observed for both B-2 and C-2, 
as shown in Figure B.8. 
a)  b)  
Figure B.8: SEM images of thin films of (a) PDMS-s-PBA and (b) PDMS-s-PBCH copolymers with 10% 
PDMS (Mn PDMS segment 2000 g/mol). 
Figure B.9 shows SEM images of etched samples of the PDMS-s-PBA and PDMS-s-PBCH 
copolymers with various PDMS content. Samples B-3 and C-3 (25% PDMS) shows small 
spherulites, as can be seen in Figures B.9 (a) and B.9 (b), respectively.  
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a)   b)  
c)   d)  
e)     f)  
Figure B.9: SEM images of thin films of PDMS-s-PBA and PDMS-s-PBCH copolymers with 25% (a and 
b), 40% (c and d) and 60% (e and f) PDMS, respectively. 
However, the spherulites for sample B-3 copolymers are more clearly seen than for sample 
C-3. After comparing the size of the spherulites in the SEM images one can conclude that as 
the PDMS content increase so the size of the spherulites become smaller, which obviously 
leads to a decrease in the Tm of the copolymers (as was discussed in Section 4.3.1). In the 
case of higher PDMS content copolymers (Figure B.9 (c, d, e and f)), no spherulites can be 
seen, even after HCl sample treatment.  
B.3 References 
1. Vuckovic, M. V.; Antic V. V.; Dojcinovic B. P.; Govedarica M. N.; Djonlagic J. 
Polymer International 2006, 55(11), 1304-1314. 
2.     Ibarboure, E.; Papon, E.; Rodríguez-Hernández J.Polymer, 2007, 48(13), 3717-3725. 
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Appendix C: PDMS-polybutylene 1,4-cyclohexane dicarboxylate-co-
terephthalate  (PDMS-PBCH-PBT) copolymers 
C.1 Synthesis of PDMS-PBCH-PBT copolymers  
A series of segmented PDMS-PBCH-PBT copolymers (series G) was prepared using a 
polyesterification method, in a three-step polymerization reaction. In the first step the amino 
end groups were converted to ester groups by reacting PDMS oligomers with excess DMCH. 
In the second step BD and DMCH were added in a similar way and ratio to those used in the 
PDMS-PBCH synthesis described previously in Section 3.2.3.2. The reaction was carried out 
in a similar manner to the synthesis of the PDMS-PBCH copolymers (Section 3.2.3.2). The 
reaction was allowed to proceed with slow nitrogen flow at 160 °C for three hours. The third 
step commenced when the DMT was added in the required percentage, based on the amount 
of the DMCH. The reaction was allowed to proceed further with a slow nitrogen flow at 180 
°C for another two to three hours. At the end of the copolymerization an aliquot of titanium 
catalyst was added before taking the reaction to a reduced pressure in order to reach high 
conversions. The final temperature reached was 240 °C under high vacuum. The 
copolymerization reaction is illustrated in Scheme C.1.  
In order to investigate the effect of the PBT content on the copolymer’s properties, four 
segmented copolymers of polydimethylsiloxane-copolyester were synthesized utilizing 
PDMS oligomers with similar molar masses (1000 g/mol). The PDMS content in the 
polymerization feed was kept constant at 10 wt %.  
The reaction was carried out in a reactor to which a distillation arm was connected. Methanol 
that evolved during the reaction and the excess butanediol at the end of the reaction were 
removed via the distillation arm.  
Although it is reported in literature that PDMS-PBT multiblock copolymers with up to 60 wt 
% of PBT content are completely soluble in chloroform,1 when polycaprolactone was used as 
a linkage between the PDMS and PBT segments similar to the PBCH in our copolymer 
systems, the entire series of  our PDMS-PBCH-PBT copolymers was only partially soluble in 
chloroform. Due to the fact that PBT is not soluble in chloroform, Soxhlet extraction of the 
soluble copolymer was carried out. The yield of the copolymerization was determined 
gravimetrically and then by adding 80 wt % of chloroform solvent a white mixture was 
obtained. 
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Scheme C.1: Synthesis of segmented PDMS-PBCH-PBT copolymers  
The extraction was continued for 24 h. The insoluble fractions were dried under vacuum for 
24 h at 40 °C and then the masses of the fractions determined. The soluble fractions were 
further extracted in order to remove the PDMS and the PBCH homopolymers, as illustrated 
in Figure C.1. 
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Figure C.1: Schematic illustration of the extraction steps for purification of the PDMS-PBCH-PBT 
copolymers. 
The soluble fractions were investigated by GEC after each extraction step. Figure C.2 shows 
the gradient profile that was used in the GEC analyses using hexane and chloroform as 
solvents.  
Figure C.3 shows a typical example of the results obtained from GEC for the soluble fraction 
of the G-4 sample. The PDMS-PBCH-PBT fraction is at about 13.5 min retention time. The 
other side products (such as PDMS, PBCH homopolymers, PDMS-PBCH and PDMS-PBT 
and PBCH-PBT) can also be seen at different retention time as shown in the Figure C.3. Even 
after three extraction steps, the PDMS homopolymer and PDMS-PBT copolymer remained in 
the PDMS-PBCH-PBT copolymers.    
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        Figure C.2: Gradient elution profile used in HPLC to fractionate PDMS-PBCH-PBT copolymers 
(stationary phase: Nucleosil C18 5 µm, mobile phase: chloroform/hexane; ELSD detector, flow rate 1 
mL/min). The gradient was started at 10:90 of (chloroform/hexane, (v/v)), held constant for 5 min, then 
changed linearly within 2 min to 65:35 (chloroform/hexane, (v/v)), and held constant for 8 min and then 
changed linearly within 1 min to 90:10(chloroform/hexane, (v/v)), and held constant for 4 min and then 
changed linearly within 2  min to 100:0 (chloroform /hexane, (v/v)) and held constant for 8 min and then 
changed linearly within 3  min to 10:90 (chloroform /hexane, (v/v)) and held constant for 3 min.  
0 5 10 15 20 25 30 35
PDMS-PBTPDMS
PDMS-PBCH
PDMS-PBCH-PBT
PBCH PBCH-PBT
Time (min)
 One extraction step
 Two extraction steps
 Three extraction steps

Figure C.3: Typical example of GEC results of the soluble fraction of PDMS-PBCH-PBT copolymers (G-
4).   
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C.2 Structure and composition of the PDMS-PBCH-PBT copolymers 
The structure and composition of the PDMS-PBCH-PBT copolymers were determined by 1H-
NMR spectroscopy. A typical 1H-NMR spectrum of a PDMS-PBCH-PBT copolymer (sample 
G-4) is shown in Figure C.4. All the chemical shifts in the spectrum were assigned to the 
chemical structure of the copolymer according to the Cambridge Soft Chem. Office 2006 
using the NMR-prediction software program.  
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Figure C.4: Typical 1H-NMR spectrum of PDMS-PBCH-PBT copolymers (sample G-2).  
The PBCH and PBT molar fractions, with respect to 1 mol of PDMS segment, which has a 
degree of polymerization of 13 units, were calculated from 1H-NMR spectra using the 
integration of the chemical shifts at δ = 4.3 ppm (I(OCH2)PBT), δ = 4.1 ppm (I(OCH2)PBCH) 
and δ = 0.07 ppm (I(CH3)PDMS), and then applying the following  equations:  
XPBCH = {I(OCH2)PBCH/4}/{[I(OCH2)PBCH + I(OCH2)PBT]/4 + I(CH3)PDMS/(6*13) }   [Eq C.1] 
XPBT = {I(OCH2)PBT/4}/{[I(OCH2)PBCH + I(OCH2)PBT]/4 + I(CH3)PDMS/(6*13) }        [Eq C.2] 
XPDMS = 1 – XPBT – XPBCH                                                                                                                                             [Eq C.3] 
where XPBCH  is the molar fraction of the PBCH segment, XPBT  is the molar fraction of the 
PBT segment and XPDMS is the molar fraction of the PDMS segment. The molar fractions 
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here were obtained based on one mole of PDMS oligomer with a molar mass of 1000 g/mol. 
The corresponding mass percentages are given by  
PBCH wt % = [XPBCH MrPBCH / (XPBCH MrPBCH  + X PBT MrPBT  + XPDMS MPDMS)] * 100 [Eq C.4] 
PBT wt % = [XPBT MrPBT / (XPBCH MrPBCH + X PBT MrPBT + XPDMS MPDMS)] * 100         [Eq C.5] 
PDMS wt % = 100 – PBT% – PBCH%                                                                         [Eq C.6] 
where PBCH wt % is the mass percent of the PBCH segments and MrPBCH is the molar mass 
of the base unit of the PBCH segment (212 g/mol). The PBT wt % is the mass percent of the 
PBT and MrPBT is the molar mass of the base unit of the PBCH segment (206 g/mol). The 
PDMS wt % is the mass percent of the soft PDMS segment and the MPDMS is the molar mass 
of the PDMS segment (1000 g/mol). Table C.1 shows a summary of the results obtained. 
Table C.1: Chemical compositions of PDMS-PBCH-PBT copolymer series 
Polymerization feed  Actual copolymers composition determined from 1H-NMR spectra Sample  
PDMS wt % PBT wt % PBCH wt % PDMS wt % PBCH wt %  PBT wt %  
G-1 10 10 80 8.9 78.8 12.3 
G-2 10 20 70 9.2 68.6 22.2 
G-3 10 30 60 9.1 56.4 34.5 
G-4 10 40 50 9.3 48.4 42.3 
The values of the mass ratios of the PBCH, PBT and PDMS segments determined from the 
1H-NMR spectra agree with the values of feed compositions of the reaction mixture in the 
copolymerization reactions. 
The incorporation of the PBT segment into the copolymer chains was proven by Soxhlet 
extraction using chloroform. It is well known that the PBT homopolymer is insoluble, while 
the PDMS-PBCH copolymers are soluble in chloroform. The results obtained after the 
Soxhlet extraction showed that all the samples comprised both a soluble and an insoluble 
fraction. The chemical compositions of the soluble and insoluble fractions were investigated 
by 1H-NMR spectroscopy. The spectra of both fractions contained signals of Si–CH3 protons 
from the PDMS segments and signals of aromatic rings from the PBT segments, in addition 
to the PBCH signal at δ 4.1 ppm. The chemical compositions of all fractions were determined 
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using the equations Eq C.1 – Eq C.6. The results are tabulated in Table C.2. The extracted 
and insoluble fractions differ in their compositions and contain considerably different 
amounts of PDMS, PBCH and PBT segments. However, it can be concluded that both the 
extracted and insoluble fractions have a segmented (multiblock) structure.  
Table C.2: 1H-NMR analysis of chloroform soluble and insoluble fractions of the PDMS-PBCH-PBT 
copolymer series 
Soluble fraction in chloroform  Insoluble fraction in chloroform 
Sample 
PDMS wt % PBCH wt %  PBT wt % PDMS wt % PBCH wt %  PBT wt % 
G-1 12.3 84.3 3.4 7.2 41.2 51.6 
G-2 12.5 74.5 13.0 5.8 32.2 52.2 
G-3 13.6 74.0 12.4 4.5 34.1 61.4 
G-4 14.3 70.3 15.4 3.4 24.4 72.2 
The insoluble fractions of the copolymer contained 51.6 – 72.2 wt % PBT segments while the 
soluble fractions contained only 3.0 – 15.4 wt %. The soluble fractions of the PDMS-PBCH-
PBT copolymer with 15.4 wt % content PBT were used in a preliminary electrospinning 
investigation, as described in Appendix D. 
C.3 Intrinsic viscosity measurements  
The intrinsic viscosities of the products of the copolymerization, as well as the soluble 
(chloroform) and insoluble fractions were determined using Ubbelohde viscometer in 
solvents ratio of 70 to 30 of trichloroethylene and phenol mixture. The measurement of efflux 
times is carried out at 25 °C, by visual observation of the passage of the liquid meniscus past 
two lines marked on the viscometer, at which times a stopwatch is started and stopped. An 
Ubbelohde viscometer, with a regular size of 10 ml, was calibrated at 25 °C according to the 
general procedure given in ISO3104, ISO3105, BS188, IP Method 71 and ASTM Method 
D445. The kinematic viscosity η (mm2/s) of a liquid may be calculated from a mean 
measured flow time t (s) using the formula:  
η = Ct      [Eq C.7]  
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where C is a constant = 0.004855 (mm2/s)/s. The Ubbelohde viscometer was used for 
measurement of dilute solution viscosity of PDMS in order to determine the intrinsic 
viscosity [η] of the PDMS-PBCH-PBT copolymers. The results tabulated in Table C.3.  
The Mark and Houwink constants of the PDMS-copolyester copolymers are not reported in 
literature and thus the molar masses for these new copolymers were not obtained. However, 
from the viscosity values one can predict which copolymer might have the higher molar mass 
(G-4), and which the lowest one (G-2).  
Table C.3: The intrinsic viscosity [η] of PDMS-PBCH-PBT copolymers (series G) 
 Sample  Copolymerization product  [η] Soluble fraction [η]  Insoluble fraction [η]  
G-1 0.27 0.26 0.29 
G-2 0.22 0.22 0.24 
G-3 0.25 0.23 0.28 
G-4 0.28 0.27 0.32 

C.4 References  
1.     Antic, V. V.; Vuckovic; M. V., Djonlagic; J. Journal of the Serbian Chemical Society, 
2007, 72 (2), 139-150.
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Appendix D: Preliminary study of electrospinning of segmented 
and branched polydimethylsiloxane-polyester copolymers 
In this section the electrospinning of three types of PDMS-polyester copolymers is briefly 
discussed: PDMS-s-PBCH copolymers, PDMS-br-PBCH copolymers and PDMS-PBCH-
PBT copolymers. 
D.1 Introduction  
Nanofibers can be produced by a number of techniques such as drawing, template synthesis, 
phase separation, self-assembly and electrospinning.1 Electrospinning is a rapid, simple, and 
relatively inexpensive method to fabricate high aspect ratio, submicron diameter size fibres 
with high surface area. Figure D.1 illustrates the electrospinning apparatus, in its simplest 
form. The apparatus comprises of a syringe to hold the polymer solution, a syringe pump, two 
electrodes, a DC voltage supply in the kV range, and a ground collector.  
 
Figure D.1 Schematic representation of the electrospinning process and apparatus used in our laboratory 
for electrospinning of polydimethylsiloxane-polyester copolymers. 
Typically, during electrospinning, the polymer solution is connected to a large electric 
potential and the polymer solution is delivered to the tip of a small capillary, and an external 
electric field is applied. The electrical charge that develops at the surface of the polymer 
solution interacts with the external electric field, resulting in the emission of a steady fluid jet 
that thins as it accelerates towards the collector. A so-called Taylor cone forms due to the 
competing forces of the static electric field and the liquid’s surface tension. The jet can 
experience a whipping instability, leading to bending and stretching of the jet, observed as 
loops of increasing size. The whipping jet then thins substantially, while travelling the short 
Appendixes 
 
 
 
233 
distance between the electrodes. The presence of polymer in solution leads to the formation 
of fine solid fibres as the solvent evaporates. The charge on the fibres eventually dissipates 
into the surrounding environment.2 
The resulting product is a non-woven fibre mat that is composed of tiny fibres with diameters 
between 50 nanometres and 10 microns.3 Potential applications of such nanofibres include 
filtration and composite materials, catalyst supports, optical and chemical sensors, drug 
delivery, and electrospun non-woven biodegradable fabrics that can be used as adhesion 
barriers, for wound dressing and tissue engineering. Several recent reviews have 
comprehensively summarized significant advances in the electrospinning area.1, 4  
Forming sub-micron sized fibres from segmented or branched PDMS copolymers with 
functional groups is imperative for tailoring the functionality and utility of non-wovenfibre 
membranes. Not much research has focused on the influence of copolymer composition and 
molecular architecture on the electrospinning performance. In this section, attempts at the 
electrospinning of selected segmented and branched PDMS-PES copolymers with different 
PDMS content and segment length is discussed. Due to the low surface energy of the PDMS 
segments the nanofibers obtained are expected to have super-hydrophobic surfaces, which 
could increase the possible applications of the PDMS-PES copolymers. 
D.2 Experimental 
Table D.1 shows a summary of the molecular masses and the chemical compositions of the 
copolymers. The detailed characteristics of the C-2 and F-2 copolymers were discussed in the 
main part of the thesis, while G-4 was described in Appendix C. 
Table D.1: Summary of the characteristics of the PDMS-polyester copolymers investigated 
Sample PDMS Mn (g/mol) 
PDMa    
(wt %) 
PBCHa   
(wt %) 
PBTa  
(wt %) 
Mw b 
(g/mol) g
c
 
C-2 (D-2) 2000 9.20 90.8 0.00 27719 - 
F-2 1000 9.51 9.51 0.00 33950 0.75 
G-4 1000 14.30 70.30 15.40 - - 
a
 Measured by 1H-NMR  
b
 Measured by SEC 
c
 Measured by SEC-MALLS 
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These PDMS-polyester copolymer samples were used in a pilot study in order to identify the 
optimum electrospinning conditions. To the best of my knowledge none of these copolymers 
have been spun before using electrospinning or any other techniques. The electrospinning of 
these copolymers samples was carried out using various experimental conditions. Small 
changes in the electrospun fibres (determined using SEM) were obtained by varying the 
solution concentration (viscosity), and the voltage or the electric filed. In all cases chloroform 
was used as a solvent. Tables D.2, D.3 and D.4 tabulate the electrospinning conditions used 
and discussed, and the respective results obtained. 
D.3 Exploring the nano-fibre formations from the PDMS-s-PBCH copolymers 
The PDMS-s-PBCH copolymer properties that might affect the fibre formation are the Mn 
(27,000 g/mol) and the Tg values (10 and 123 °C, for the PBCH and PDMS segments, 
respectively), as well as the low rate of the crystallization of the PBCH segment. These 
factors can affect the entanglement as well as the solidification of the polymer when the 
solvent evaporates, and thus affect the formation and the stability of the nanofibers.   
As is illustrated in Table D.2, experiments were carried out in which both the concentration 
of the copolymer solution and the voltage were changed in nine experiments. The most 
important fixed electrospinning condition here, in addition to the polymer characteristics, is 
the distance between the needle and the ground collector (20 cm) and the flow rate (0.08 
ml/min) in the chloroform solvent.  
Electrospun fibres of the PDMS-s-PBCH copolymer were collected at two different ground 
collector temperatures: using water as the grounded collector at room temperature (25 °C), 
and using water and ice as the grounded collector (at 0 °C). 
 
 
 
 
 
 
 
 
Appendixes 
 
 
 
235 
Table D.2: Electrospinning parameters used in a pilot study of PDMS-s-PBCH copolymers and a 
summary of the results according to SEM 
Experiment 
no. 
Electric 
field  
(kV) 
Copolymer 
concentration 
(wt %) 
Results obtained when 
using water at 25 °C 
Results obtained when using  
ice/water at 0 °C 
1 15 10 Film with some droplet 
spread 
Film with some droplets spread 
on the film and evidence of 
collapsed fibres 
2 15 20 Film with some droplets 
spread on the film 
Many droplets or beads, with 
no clear evidence of fibre 
formation 
3 15 30 Many droplets, with no fibre formation 
Many droplets, with evidence 
of collapsed fibres 
4 20 10 
Rough film with a spread 
of small and big droplets 
or beads 
Film with small spread of 
droplets, with evidence of 
collapsed fibres 
5 20 20 Film with many of beads 
and  droplets 
Film with many of beads and 
droplets 
6 20 30 Clear evidence of 
nanofiber formation 
Clear evidence of nanofiber 
formation 
7 25 10 
A few droplets, with 
evidence of collapsed 
fibres 
A few droplets, with evidence 
of collapsed fibres 
8 25 20 
A few droplets, with 
evidence of collapsed 
fibres 
A few droplets, with evidence 
of collapsed fibres 
9 25 30 Clear evidence of 
nanofiber formation 
Clear evidence of nanofiber 
formation with small diameter 
of nanofiber    
Figure D.2 shows the SEM images of the fibres obtained when using the first grounded 
collector. The effect of changing the voltage from 15 to 20 to 25 kV, for the three different 
copolymer concentrations of 10, 20 and 30 wt %, can be seen very clearly.  
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15 kV 20 kV 25 kV 
a)  
b)  
c)   
Figure D.2: SEM images of electrospun fibres of PDMS-PBCH copolymers, at a concentration of (a) 10 
wt %, (b) 20 wt % and (c) 30 wt %, at various voltages, and using water as a ground collector.  
For all the voltages used, and a copolymer concentration if 10 wt %, no clear evidence of 
fibre formation can be seen. However, when the copolymer concentration was increased to 30 
wt % and 20 and 25 kV were used, clear evidence of fibre formation can be seen in Figure 
D.2. The chloroform was expected to diffuse too rapidly into the water (if any still remains 
when fibres hit the surface of ground collectors. The stability of these fibres is not good, and 
they collapse at room temperature. This can also be seen for a 20 wt % concentration at 20 
and 25 kV. Thus collapse is most probably due the Tg values of the copolymers being below 
room temperature. The slow crystallization rate of the PBCH segment in these copolymers 
can also cause difficulties in obtaining stable nanofibers. The nanofibers formed, therefore, 
collapse as soon as they hit the grounded collector, and formed smooth or rough films, 
depending on the solution concentration and the voltage.  
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The second attempt to obtained nanofibers was carried out by decreasing the temperature of 
the ground collector. This was done by using water and ice as ground collector at –5 to 5 °C. 
Figure D.3 shows the SEM images of nanofibers obtained when the copolymers were spun 
and by using water and ice as ground collector. 
15 kV 20 kV 25 kV 
a)  
b)  
c)  
Figure D.3: SEM images of electrospun fibres of PDMS-PBCH copolymers, at a concentration of (a) 10 
wt %, (b) 20 wt % and (c) 30 wt %, at various voltages, and using water/ice as a ground collector. 
Although there were not great improvements using water and ice as the ground collector, it is 
clear that the size of the unstable nanofibers obtained at 30 wt % concentration and at 20 kV 
and 25 kV from the ice and water ground collector was smaller than that obtained when only 
water is used as the ground collector.  
The third attempt carried out to obtain nanofibers involved increasing the number of 
entanglements in the copolymer by introducing branches in the copolymer structures. These 
results are discussed in the following section.   
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D.3 Exploring the nano-fibre formations from the PDMS-br-PBCH copolymers 
The branching effect in the PDMS-br-PBCH is another factor that can affect nanofiber 
formation from the electrospinning process. The branches can, in fact, affect both the Tg of 
the copolymer and the entanglement of the copolymer chains. Table D.3 shows the 
electrospinning conditions used to spin the PDMS-br-PBCH samples and a summary of the 
results obtained for this copolymer.   
Table D.3: Electrospinning parameters used in a pilot study of PDMS-br-PBCH copolymers and a 
summary of the results according to SEM 
Experiment 
no. 
Electric 
field 
(kV) 
Copolymer 
concentration 
(wt %) 
Results obtained (according to SEM images, see Figure 
D.4)  
1 15 10 Clear film with some droplets and no nanofiber formation 
2 15 20 Film with some droplets spread on the film 
3 15 30 Many droplets or beads with no real fibre formation 
4 20 10 As for experiment no. 1 
5 20 20 Film with many beads or droplets 
6 20 30 Some nanofibers can be seen in between the beads  
7 25 10 Film with many small droplets spread on the film 
8 25 20 Many beads with a few nanofibers 
9 25 30 As for experiment no. 6 
Although in several SEM images in Figure D.4 there is evidence of fibre formation, it is clear 
that no significant improvement was obtained in the stability of the formed fibres. Further, it 
can be seen that for the 30 wt % concentration at 20 and 25 kV, fewer nanofibers were 
formed than formed under similar conditions in the PDMS-PBCH segmented copolymers. 
This might be due to the decrease in the crystallinity degree as well as the ability of the 
copolymer to stretch, due to the relatively high concentration of such branches in the 
copolymer chains. This is in addition to the low Tg, which allow the formed nanofibers to 
collapses. Therefore, the ability of the PDMS-PBCH segmented copolymer to crystallize 
from solution can, in fact, lead to better fibre formation. Furthermore, the ability to crystallize 
cannot lead to stable nanofibers unless the crystallize rate is relatively fast, but not too fast. A 
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too rapid crystallization may cause the polymer to solidify before stretching, and forming 
fibres. 
15 kV 20 kV 25 kV 
a)  
b)  
c)  
Figure D.4: SEM images of electrospun fibres of PDMS-br-PBCH copolymers, at a concentration of (a) 
10 wt %, (b) 20 wt % and (c) 30 wt %, at various voltages and by using water as a ground collector.  
The main reason why nanofibers of these copolymers collapse after formation is the low Tg. 
In order to overcome the above mentioned obstacles, another attempt was made by changing 
the copolymer structure. In order to increase both the Tg of the copolymer and the rate of the 
crystallization, PBT segments were incorporated into the copolymers chains. The synthesis 
method of PDMS-PBCH-PBT copolymer was described in Appendix C. 
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D.4 Exploring the nano-fibre formations from the PDMS-PBT-PBCH copolymers  
One sample of the PDMS-PBCH-PBT copolymer (the fraction of sample G-4 soluble in 
chloroform) was used in this pilot study in order to investigate the possibility of obtaining 
nanofibers.  The electrospinning process used here was similar to that used for PDMS-PBCH 
copolymers in order to determine the effects of solution concentration (viscosity) and voltage 
or electric field on nanofiber formation as well as on the morphological features. Many 
experiments were carried out but no noticeable improvement was really achieved. Table D.4 
shows selected electrospinning conditions that were used to spin the samples and a summary 
of the obtained results.  
Table D.4: Electrospinning parameters used in a pilot study of PDMS-PBCH-PBT copolymers and a 
summary of the results according to SEM 
Experiment 
no. 
Electric 
field 
Copolymer 
concentration 
Results obtained (according to SEM images, see 
Figure D.5) 
1 15 10 Clear film and no sign of nanofiber formation 
2 15 20 Film with some droplets spread on the film 
3 15 30 Many droplets or beads, with no real fibre formation 
4 20 10 Film with some droplets spread on the film 
5 20 20 Film with many beads or droplets 
6 20 30 Some nanofibers can be seen in between the beads  
7 25 10 Film with many droplets spread on the film 
8 25 20 Many beads with a few nanofibers 
9 25 30 As for experiment no. 8 
In Figure D.5 all the SEM images show clear evidence of nanofiber formation with many 
beads. The size of these beads seems to be unaffected by using various experimental 
conditions. The copolymer droplets and beads that are observed to form from the 
electrospinning of solutions of dilute concentration (10 wt %) is due to insufficient chain 
entanglement. As the concentration increases to (20 or 30 wt %), droplets and beaded fibres 
are observed, as well as uniform fibres between the beads at 20 kV. Use of the low electric 
field strength (voltage) (15 kV) for the highly concentrated solution (30 wt %) does however, 
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results in droplets and beaded fibres of PDMS-PBCH-PBT copolymers; the nanofibers are 
hardly evident. The GEC result showed in Figure C.3 also indicate the possibility of the 
remains of some PBCH homopolymer and PDMS-PBT copolymers. This indicates that the 
beads might be a mixture of these polymers and the PDMS-PBCH-PBT copolymers.   
15 kV 20 kV 25 kV 
a)    
b)    
c)    
Figure D.5: SEM images of electrospun fibres of PDMS-PBCH-PBT copolymers, at a concentration of (a) 
10 wt %, (b) 20 wt % and (c) 30 wt %, at various voltages, and using water as a ground collector. 
D.5 Conclusion 
Although no completely uniform fibres have yet been observed for any of the investigated 
PDMS-polyester copolymers, the results of this study are promising in terms of producing 
nanofibers using electrospinning PDMS-polyester copolymers from solutions. These 
copolymers are expected to form nanofibers with a super-hydrophobic surface as a result of 
the PDMS segment and the high surface areas of such fibres. This could open the door for 
further applications for these materials. Obviously much work is still needed to be done in 
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this area of PDMS-polyester copolymers. This can take two or three routes: improve the 
electrospinning conditions, and increase the PBT content in the copolymer while still 
maintaining the solubility of the obtained copolymer. Electrospinning from the melt is 
another possibility.  
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